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Sammruy-The particular analytical utility of arseBazo III is its 
capacity for forming especially stable complexes with certain elements. 
This permits determiuations to be carried out in stror@y acid media 
(for quinqueyalent and quadri~alent elements-Pa, Npr’, Tb, Zr, Hf, 
WV--up to lO~~C1 or HaSOp), which ensures good ~pr~u~bi~ty, 
ease of working, and little interference by anions. The high sensitivity 
(0~1-0-01 ,@ml, molar absorption coefficient 50-150 X lOa) is a result 
of the good contrast effect of the reaction (pink -+emerald-green, 
displacement of the absorption maximum 125 m&, the nature of the 
spectrum, and the possibility of reaching extreme dilutions without 
dissociation of the complex. 

THE reagent arsenazo III, produced1 in 1959, is widely used at the present time 
for determining thorium,l-iO uranium,1~2@“1s zirconium,eJ4-1s hafnium,17 pro- 
tactinium,18 scandium,1s*20 neptunium,21+22 and the rare earth elements.ls Some of 
the papers mentioned,3*4*6*8J3J4 h aving been considered in a previous review2 are 
not discussed in the present paper. 
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PROPERTIES OF ARSENAZO III 

Arsenazo III is a dark red powder, moderately soluble in water to give a pink 
solution. The solutions are stable for an unlimited time in air. Arsenazo III gives 
colour reactions (violet, blue, and green) in the range from pH 4 to 10M HCl or 
H,SO, with more than 20 elements .2 The main distinguishing characteristic of the 
reagent is its capacity for forming particularly stable metal chelate complexes, their 
stability exceeding that of the corresponding arsenazo I complexes by more than 
two or three orders of magnitude.B 

The high stability of the complexes permits the elements to be determined in 
strongly acid media at high dilution and in tbe presence of complex-fo~ng anions- 
phosphates, sulphates, fluorides, complexone III, and the like. All this permits 
the analysis to be considerably simplified, making it more reliable and selective. 
In many cases, it is not necessary to isolate in the pure state the element to be deter- 
mined; the determination is carried out directly on a solution obtained by dissolving 
in acids the sample to be analysed. 

* Part I-see ref. 2. 
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2 S. B. SAVVIN 

The sensitivity of the colour reactions is of the order of O*l-O*Ol &ml of the 
element. The molar absorption coefficient for multiply charged elements is of the 
order of Xl-150 x 103. Methods for ensuring the necessary selectivity of the reactions 
have been discussed previously.2 

Thorium 
METHODS FOR DETERMINING THE ELEMENTS 

Methods have been previously been described for determining micro-amounts 
down to O-01 rug of thorium, 3 thorium in zircons,4 in rocks (down to 0.0001% of 
Th),6 and in Nb-containing products, etc.8 

In the determination of thorium in the presence of zirconium, oxalic acid is 
added to bind the latterl; the determination is carried out in 2.5-3M HCI. In the 
absence of zirconium, the determination is carried out in 1: 1 HCl (N6M HCl) 
and no oxalic acid is added. The maximum sensitivity is found in 8MHCI. In 
view of the high acidity, the presence of oxidising agents, for example, nitric acid 
or chlorine, which are sometimes present in technical acids, is inadmissible (decom- 
position of the reagent). It is best to use distilled hydrochloric acid. Sometimes 
powerful reducing agents (for example, Tin’) which also decompose the reagent, 
may be formed in the process of decomposing and treating the material to be analysed. 
In this case these must be oxidised by adding, for example, a small crystal of KMnO, 
followed by ascorbic acid to decolorise the solution. 

In recent papers a method has been described for determining thorium in silicate 
rocks with a high content of Zr, Ti, rare-earth elements, and the like. The method 
is based on the separation of Zr, Ti, and the rare-earth elements by ion exchange 
on KU-2 cation-exchange resin in the H form. Titanium is not sorbed from 1M HCl; 
the rare-earth elements are eluted by 2M HCl, and Zr by a 05 % solution of oxalic 
acid. The thorium is then eluted quantitatively by means of a saturated solution 
of ammonium oxalate, and is determined photometrically with arsenazo III in 
5MHCl without separation of the oxalates. The sensitivity of the method is 10-3- 
104%, and the relative error is f4%; 6-8 parallel determinations can be completed 
in 10 hours.’ 

A method has been reported for determining thorium in metallic tungsten, and 
in natural and other materials .s The concentration and photometric determina- 
tion of thorium in natural waters in which it is present in ultra-high dilution has 
been described.5 The thorium is co-precipitated with methyl violet tannate, and 
the precipitate is filtered off and decomposed by wet ashing. The residue is dis- 
solved in 6M HCl, and phenylarsonic acid is added to precipitate the zirconium. 
The thorium is determined photometrically in hydrochloric acid solution containing 
lithium chloride (to bind U022+) and oxalic acid. The smallest amount of thorium 
which can be determined in 5-20 litres of river water is 0.5-l pg. 

Uranium 

Uranium may be determined after its preliminary reductionll to UIv. An ex- 
traction-photometric method consisting of the extraction with butanol of the 
diphenylguanidinium salt of the complex of U022+ with arsenazo III, from a 
solution containing complexone III, has been described.13 A method has been 
developed for determining uranium in rocks, minerals, and solutions of complex 
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composition. UOs2+ is extracted with a 20% solution of tributyl phosphate in 
carbon tetrachloride from a solution containing ammonium nitrate and Complexone- 
III; the uranium is re-extracted with a solution of arsenazo III and is determined 
photometrically. The method permits the determination of uranium when its 
concentration in the solution to be analysed is O-002 ,ug/ml and above.12 

U022+ is determined photometrically at pH 1.53.5 and UIv in 6-9M HC1.1*2 

Zirconium 

Zirconium is determined under approximately the same conditions as thorium- 
in 6-9M HC12 If a high sensitivity is not required, the determination of Zr can 
be carried out at a lower acidity, for example, in 2M HCl. Various methods of 
determining it in ores, in concentrates, and in Al, Cu, Mg, Ti, Nb, and Fe alloys 
have been described.14-l6 

Hafnium 

Hafnium is determined under approximately the same conditions and with the 
same selectivity as zirconium .2 When Zr and Hf are present simultaneously, a 
two-pH method is possible.2*24 

The method of determining Zr in metallic Hf is as follows: 10-20 g of metallic hafnium are 
dissolved in HF. The solution is fumed off with HISOd. The residue is dissolved in 4M HCl and is 
transferred to a 500-ml measuring flask. An aliquot is taken containing not more than 50 rg of Hf, 
the solution is heated and, after cooling, 2 ml of a 0.05% solution of arsenazo III is added. The 
solution is made up to 50 ml with 4M HCl and is subjected to photometry. The content of zirconium 
is found from a calibration curve. Th, U*vS and TirV interfere with the determination. 
of the method is &20x at a Zr content of 0.5% and &lo% at a Zr content of 1 %.I7 

The accuracy 

Scandium 

The determination of scandium is carried out in a fairly acid medium-pH l-2-, 
i.e., under conditions where no formation of polynuclear scandium cations takes 
place. This is of particularly great importance for Sc-almost as much as for Zr- 
to ensure reproduceability of the results and the reliability of the determinations.ls 

A method has been described for the photometric and complexonometric deter- 
mination of SC with arsenazo III as 
in an acid medium ensures that the 
time, that the selectivity is greater. 

Lanthanum and the lanthanides 

metal indicator.20 The possibility of working 
reaction takes place rapidly and, at the same 

In weakly acid solutions with a pH of the order of 1-5-3.5, Y, La, and the 
lanthanides form an intense blue-green coloration with arsenazo III. The sensitivity 
is 0.01 pug/ml of the element. A method for determining the individual rare-earth 
elements has been described by Savvin and Muk.lD 

Protactinium 

Arsenazo III gives a colour reaction with Pav over a wide range of acidities- 
from slight acidity up to 5M H,SO,, lOM.HCl or more. The complex is green, 
and it is stable for more than 1 day. The reaction may also be carried out by an 
extraction-photometric method: the complex of Pa with arsenazo III is extracted 
almost completely by an equal volume of isoamyl alcohol from sulphuric acid 
solutions with concentrations of the acid greater than 2M. In order to increase 
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the selectivity of the determination of the protoactinium, the organic phase is used 
for the photometric measurements.ls 

The molar absorption coefficient of the Pa-arsenazo III complex is 22 x 10s 
at A = 660 mp; in the range of concentrations investigated (0.3-3-l &ml of Pa), 
Beer’s law is applicable. The accuracy of the determination is -&3*5%. With a 
slight excess of reagent, the composition of the complex is 1: 1. 

The possibility of extracting the Pa-arsenazo III complex from strongly acid 
media ensures that the determination of protactinium is highly selective. Other 
elements reacting with arsenazo III either do not pass into the extract at all (Fe, 
Ti, La, and the like) or are extracted to only a slight extent (Th, U, Zr). The effect 
of Th, U, and Zr is eliminated by washing the extract with a solution of oxalic acid 
in 3*5MH,SO,, The oxalic acid does not affect the formation and extraction of 
the complex of Pa with arsenazo III. Mention must be made of the favourable 
action of sulphuric acid itself, which binds many elements in the form of stable 
complexes, and, consequently, increases the selectivity of the determination of 
protacti~um. 

The chemical analogue of protactinium-niobium-does not react with arsenazo 
III under these conditions. There is therefore a possibility of determining protac- 
tinium in the presence of elements (Nb, Zr, etc.) which are always present in uranium 
ore, and which accompany protactinium when it is isolated. 

The procedure is as follows:r8 0.2-l ml of the initial sulphuric acid solution containing l-10 ,ug 
of Pa is placed in a 5-ml tube with a ground-in stopper and is treated with 0.8 ml of a lo-*M aqueous 
solution of arsenazo III and concentrated H,SO& in such an amount that the final acidity is 3+4M 
with respect to HaSO,+ Extraction is carried out with 2 ml of isoamyl alcohol previously saturated 
with 3*.SM H,S04. 

After separation of the layers, the extract is transferred into a centrifuge tube and the aqueous 
phase is extracted with a further 1 ml of isoamyl alcohol. The extracts are combined and centrifuged 
in order to achieve complete separation of the phases. After centrifuging, the extract is transferred 
to a IO-mm cuvette and is examined photometrically at 660 rnp against an extract of the reagent alone 
obtained under the same conditions as the extract of the material to be analysed. The content of 
protactinium is found from a calibration curve (Fig. I). 

Concenirafion of Pa, MxfO‘5 

Fro. l.-Calibration curve for the determination of protactinium. 
(Concentration of arsenazo III, 2.3 X 1O-6M.) 

When Pa is determined in the presence of Th, IJrv* and Zr, the extract is washed before centrifuging 
with one or two l-ml portions of a 05V solution of oxalic acid in 3*5M H.SO&. The amount of 
reagent is increased by a factor of 15-2. 
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Neptunium 

A method has been described for determining quadrivalent neptunium with 
arsenazo III.21 Np” with arsenazo III in l-5M HNO, forms a green complex, 
an excess of reagent causing the colour to change to violet. At a concentration of 
nitric acid of more than 5M the coloration of the complex is pale blue and in 8M 
acid it is dark blue. Colorations are formed instantaneously, and are stable for at 

least some hours. In the presence of iron sulphamate no decomposition of the 

reagent in concentrated nitric acid solutions takes place. Over the range 4-6M 
HNO, the intensity of the coloration changes little with a change in the acidity. The 
molar absorption coefficient at 665 rnp is approximately 100,000. 

Since other quadrivalent elements-U , Iv PuIv, Th, Zr-also form coloured com- 

pounds in strongly acid media, these must be removed. This is achieved by extracting 
the elements with appropriate organic solvents, the NpO,+ ions, which are not 
readily extracted, remaining in the aqueous phase. The neptunium is then reduced 
to NpIV and is determined with arsenazo III. 

For the extraction of U, Pu and Th, Chudinov and Yarkoplev21 have used a 
0.25M solution of di-2-ethylhexyl orthophosphate in carbon tetrachloride, which 
extracts these elements from 0*5M nitric acid with a partition coefficient of the 
order of 100-1000. When quinquevalent neptunium stabilised with sodium nitrite is 
extracted under the same conditions, only about 2% of the original amount of Np 
passes into the organic phase. At a ratio of Np to interfering elements of about 

1:2000, extraction must be carried out three times to eliminate the latter completely. 
About 10% of the original amount of Np is lost during the extraction process. 

The stabilisation of NpV is carried out by oxidising it to NPO,~+ with potassium 
permanganate, and subsequently reducing it to NpO,+ with sodium nitrite. Oxidi- 
sing agents (for example, potassium dichromate) and large amounts of reducing 
agents interfere with this operation, and they must therefore be removed beforehand. 

The following cause no interference in the determination of l-10 pug of Np: 
4 mg of Pu, 3 mg of U, 0.5 mg of La, 2 mg of Th, 1 mg of Zr, 0.2 mg of Cr, and up 
to 5 mg of Mg, Al, Ca, Co, and other elements. The lower limit for the determination 

of Np is 0.04 pg/ml (D = 0.02 at I = 20 mm, photoelectric calorimeter, red filter). 
The accuracy of the determination is between 1% and 7 % relative. 

In the reaction of Npv with arsenazo III a green coloration22 is produced over 
the pH range 44-7.4. The complex has a 1: 1 composition, and its molar absorption 
coefficient is 70,800. Complex-forming substances weaken the coloration. Since 
the coloration of the complex vanishes on acidification to pH 3, it may be con- 
cluded22 that no change in the valency of the Np compound takes place during 
complex formation. 

Zusammenfassung-Der besondere analytische Nutzen von Arsenazo- 
III besteht in seiner Fahigkeit, mit bestimmten Elementen besonders 
stabile Komplexe zu bilden. Das erlaubt Bestimmungen in stark 
sauren Medien (bei fiinf- und vierwertigen ElementenzPa, Np(IV), 
Th. Zr. Hf. U(IV&bis 10 m HCI oder H,SO,). was eute Reoroduzier- 
barkeit, leichtes Arbeiten und geringe St&&g durcvh Anionen garan- 
tiert. Die hohe Empfindlichkeit (O,l-O,Ol pg/ml, molarer Extinktions- 
koeffizient 50-150 _ lo*) rtihrt vom guten Kontrasteffekt der Reaktion 
(rosa-smaragdgrtin, Verschiebung des Absorptionsmaximums urn 
125 mp), der Natur des Spektrums und der Moglichkeit, extreme 
Verdtinnungen zu erreichen, ohne da0 die Komplexe dissoziieren. 

2 
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Stnnrna~-The two functional-analytical groups of the molecule of 
arsenazo III are present in two almost isolated conjugated systems. 
Complex formation with the elements takes place through only one of 
these: this leads to the appearance of two absorption bands in the 
visible region of the spectrum. The composition of the complexes for 
MerI and Me”’ correspond to MeR; and for Melv to MeR or MeR, 
(according to the acidity and the concentrations of the components.) 
Elements whose ionic radii are less than 0.748 8, give no colour 
reaction with arsenazo III. The stabilities of the complexes formed 
by reagents of the type of arsenazo III (bis-azo derivatives of chromo- 
tropic acid) with elements depend on the nature of the Me-N bond, 
and are determined by the extent of the system of conjugated bonds 
of the molecule of the reagent and the nature of the substituent. 

IN recent years the attention of investigators has been attracted to analytical reagents 
forming particularly stable complexes with elementary cations. Among these are 
reagents such as complexone III (EDTA) and its analogues, forming colourless 
complexes and reagents giving coloured complexes-arsenazo III and its analogues, 
bis-azo derivatives of chromotropic acid containing various salt-forming groups.Q 
The theory of the analytical action of reagents of the type of complexone III has 
been studied in relatively great detail, but that of reagents of the type of arsenazo 
III quite inadequately. Some preliminary observations on the mechanism of complex 
formation between arsenazo III and various elements have been made by the present 
author.3 

The functional-anabticalgroup responsible for the formation of complexes between 
arsenazo III and elements (as with the other reagents of the arsenazo class, i.e., 
those containing arsenic and an azo group) is the following: 

jG.H1.H* 

I 

Two such groups are present in the reagent arsenazo III. 
Now that further experimental material is available, the mechanism of the for- 

mation of complexes of the elements with the functional group is fairly clear.4-1s 
Analogies can be drawn with similar reactions between simple inorganic compounds 
and other organic compounds having the same grouping.4t1sp14 Elements such as 
UOz2+, Th, UIv, Zr, Hf, TR form a direct covalent bond with an AsOsH, group 
and an OH group. For Al, Ti, and some other elements, chromotropic acid is also 

* Part II-see ref. 2 
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specific and for Zr even one azo group together with a labile hydrogen atom. De- 
pending on the nature of the reagent and, for a given reagent depending on the 
conditions, complex formation may take place at different groups. Earlier, for 
example, by analogy with the corresponding complexes of arsenazo I and thoron 
W1-r3 the following structure was proposed for the complex between La and 
arsenazo III : 

H,03As 

0= As-O OH 9 

>, LX+-6 

13 

N=N 

!-CT,; 
N+S 

\\Nt8”’ 

P 

so; 

\ 
Distortion of planarity 

-0,s 

II 

A special role is played by the Me-N co-ordinate link. Besides the considerable 
increase in stability resulting from the formation of two six-membered rings possessing 
almost aromatic properties, complex formation leads to the transfer to the chromo- 
phoric centre of the molecule-the azo group-of some charge, resulting in a marked 
deepening of the colour of the complex. The same effect is favoured by the transfer 
of some negative charge to the residue of the hydroxyl group of the naphthalene 

ring of the reagent. 4t5 The dipole arising at the ends of the system of conjugated 

bonds, including the chromophoric centre-the azo group-(the magnitude of which 
depends to some extent on the nature of the metal and the conditions) causes a 
marked change in the colour of the reagent, i.e., the corresponding colour reaction. 
A metal cation therefore here plays the role of a peculiar extremely powerful positive 
auxochrome. This is in complete agreement with modern views, developed, in par- 

ticular, for azo dyes,g115*16 on the theory of the colour of organic compounds. 

In the case of arsenazo III, this scheme, which is generally accepted in the 
literature, is again but only one of the two functional groups is capable of reaction. 

Coloration of the reagent and coplanarity 

The bis-azo derivatives of chromotropic acid, in contrast to its mono derivatives, 
and as a result of the conjugation of the two parts of the molecule and the associated 
planar structure, usually possess deep colours-violet and dark blue. These com- 
pounds are unsuitable as photometric reagents. The pink coloration of arsenazo 
III in acid solutions is the result of a disturbance of the planar structure and the 
conjugation (consequent on the presence in the o-position to the azo group of such 
voluminous substituents as AsO,H, groups.) The same colour effect is found in 
the case of certain other substituents: -NO, and -SO,H. 

The steric hindrance due to the arson0 group is also shown by the considerable 
difficulty in synthesizing arsenazo III if this is carried out by the methods usually 
used for azo-coupling reactions. 

The coloration of arsenazo III in alkalis (dark blue) and in concentrated H,SO, 
(green) is connected, in the first place, with the ionisation of the hydroxyl groups 
of the naphthalene nucleus and, in the second place, with the protonisation of the 

azo groups ; this agrees well with views given in the literature.4-6 
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In acid solutions the absorption maximum of arsenazo III in the visible region 
is located at 540 mp. The absorption spectra of complexes of arsenazo III with 
the elements have two maxima in the visibIe region--& = 665 m,u and A, = 610 rnp 
(Figs. 1 and 2). The latter circumstance is quite unexpected: with the overwhelming 
majority of photometric reagents and with all reagents of the arsenazo-thoron 
group, including the bifunctional reagents arsenazo II and thoron II [Reagents 
(III) and (IV)], only one absorption band is found in the visible region. It is an 

IV 

essential feature that the characteristic shape of the spectra of the complexes of 
arsenazo III is retained for all the elements investigated over wide ranges of pH 
and ratios of the concentrations of the metal and the reagent (Fig. 2). Hence this 
cannot be a consequence of the simult~eous presence in the solution of two diRerent 
complexes of dissimilar composition or structure. The two maxima can only be 
connected with the presence of two weakly interacting (dissociated) chromophoric 
systems in a single molecule of the reagent, different in magnitude or present in 
different ionic states. Similar phenomena-i.e., the presence of two abso~tion 
bands in the visible region-are known for certain complex cyanine dyes having 
two dissociated chromophoric systems.l’ 

In the case of a molecule of arsenazo III not bound in a complex, which is ob- 
viously symmetrical, both chromophoric systems, consisting in the present case of 
functional-analytical groups, are identical, and their absorption spectra coincide, 
giving a single maximum. Complex formation at une group disturbs the symmetry 
of the moIecule and if the system (molecule) does not consist of a single optical unit, 
two absorption maxima appear. The maximum corresponding to the greater depth 
of colour, r, = 665 ml_c, we ascribe to the functional-anal~ical group directly linked 
with the metal and the second maximum at its = 610 rnp to the chromophoric 
centre (conjugated system) not directly connected with the element but, owing to a 
definite and, app~ently, considerable, influence of the first functional-an~yti~al 
group passing into a different ionic state. To be precise, we assume the transfer of 
some positive charge to the azo group, more in the first case and less in the second. 

It is interesting that the absorption spectrum of the reagent in concentrated 
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H,SO,, where protonisation of the azo group takes place, has a single maximum 
at the same wavelength as in the case of a complex-665 m,u. In dilute H,SO,, 
protonisation is apparently possible at only one azo group; the symmetry is disturbed 
and two maxima appear, the first remaining at the same wavelength, 665 rnp. Both 
for the reagent and for a complex, the first maximum is considerably higher than 
the second. In alkaline solutions where no protonisation of the azo group takes 
place, the depth of the coloration is less, the absorption maximum being between 
580 and 610 mp. 

c 

0.6 - 

0.5 - 

01 ’ 
500 600 700 

A mp 

FIG. l.-Absorption spectra. 

(1) Arsenazo-III, 0.5 x 10-SM, 
(2) Zirconium-arsenazo III complex in 9M HCl; 
(3) Uranyl-arsenazo III complex, pH 1.5; 
(4) Lanthanum-arsenazo III complex, pH 3 

(SF-4 spectrometer: lo-mm cell: recorded against water) 

There is, of course, also the possibility that the extremely large bathochromic 
effect on complex formation (from pink to green, displacement of the maxi.mum by 
125 mp) is also connected in part with some divergence of the molecule from the 
non-coplanar state because of the “drawing together”, as it were, of the benzene 
and naphthalene nuclei by the forces of the chemical bond between the metal and 
the complexing agent; and especially through the quite strongly expressed aromatic 
character of the two six-membered rings formed with the participation of the metal. 

Composition of the complexes 

With elements forming doubly charged cations (UOZ2+, Cu, Pb, etc.) arsenazo 
III forms only complexes with a 1: 1 composition. This is confirmed by data on the 
spectrophotometric titration of an element and the reagent, by curves of isomolar 
series (graphs not given here), and also by the non-dependence, in practice, of the 
nature of the spectrum of the complex (two absorption bands) on the Me: R ratio 
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in the reaction medium. For example, for molar ratios UOZ2+: R of 1: 1 and 105: 1 
the nature of the spectrum remains unchanged; even a 105-fold excess of the metal 
does not give rise to the formation of a complex of the composition Me,R which, 
because of its symmetry, would have one absorption maximum. The two absorption 
maxima are retained at any acidity at which the existence of a given complex is possible. 

With elements forming triply charged cations, arsenazo III again forms com- 
plexes with a 1: 1 composition. This is confirmed by the same methods. With elements 

500 600 

5:1 

325:l 

FIG. t.-Absorption spectrum of thorium-arsenazo III complex 
at various M : Re ratios 

(8M HCl: concentration of reagent 0.9 x 1O-6M) 

forming a quadruply charged cation arsenazo III forms complexes both of the 
composition MeR and MeR,. A greater ratio of R to Me is impossible, not so much 
because valency saturation has been reached, but because of steric considerations 
which do not permit the co-ordination about MeIV of more than two molecules 
of so large a ligand. However, Nemodruk and Kochetkovala have discussed the 
possibility of the formation of more highly saturated complexes. 

In the spectrophotometric titration of elements forming quadruply charged 
cations, the point of inflection corresponding to the 1: 1 and 1:2 (and, even more, 
the 1:3 and 1:4) compositions are not clearly expressed; the results obtained by 
this method are difficult to interpret. It is possible, however, to use the method 
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of determining the absorption of the saturated complexes. It can be seen from 
Fig. 3 that at a lOO-lOOO-fold excess of thorium (composition known to be 1: 1) 
D = 0.520. The same number of moles of thorium with a lo-20-fold excess of 
reagent give D = 1.15, i.e., approximately twice as great. In the second case, the 
formation of a complex ThR,, having a molar absorption coefficient approximately 
twice that of ThR may be assumed. This follows from the fact that at a high acidity, 
when the Th4+ ion has appeared quite strongly, the ionic state determining the colora- 
tion of the two co-ordinated molecules of arsenazo III is similar, and corresponds 
to the ionic state of the residue of the arsenazo III molecule in the 1: 1 complex. 

The same state of affairs is found for zirconium. At an arsenazo III concentra- 
tion of O-9 x 10e5M and an excess of zirconium in 9M HCl, D = 0.5. At a zir- 
conium concentration of O-9 x 10-5M and an excess of reagent in 9MHC1, the 
extinction is approximately twice as high, at D = 1.1. 

~~~ excess of reagent, complex ThR2 

D 
0.5 

The excess of reagent, complex ThR 
4”” 

I I 
1:5 I:10 lLO%+&Ei 

Ratio (MOO R:Th or Th:R 
FIG. 3.-Spectrophotometric titration producing saturated complexes for the thorium- 

arsenazo III system 
(Concentrations of MeR and MeR,, 2.2 x lo-‘M: recorded against reagent) 

Influence of the pH 

For arsenazo III and a number of elements (Th, Zr, Hf, UIv, UOz2+, La, SC, Cu) 
curves of isomolar series have been constructed at various values of pH. For triply 
and doubly charged cations, over the whole range of pH values, the composition 
corresponds to 1: 1. For Th in O*lM HCl, without an excess of reagent there is a 1 :l 
composition. In 1M HCl and at other values of pH, with an excess of reagent the 
composition is ThR,, i.e., the more stable form is apparently the ThR, complex. 

The same thing is found in the case of zirconium. In 0025M HCl and 0*84M HCl 
the composition determined by the Ostromyslenskii-Job method is close to 1: I ; but 
when the acidity is increased (in 2-O and 5*OM HClO,) the composition is close to 1: 2. 

For Zr and Hf at comparable ratios of Me to R, as the acidity is increased a 
marked deepening of the coloration is found (violet ---f dark blue + green). This is 
apparently connected with a gradual conversion of the Zr ions from a partially 
hydrolysed to a purely ionic state, which leads to a marked enhancement of the 
positive auxochromic action of the cation. The same increase in the absorption 
intensity (at il = 665 mp), but considerably less marked, is found for Th, U1’, 
and U022+-in the case of U022+ right down to those values of the pH (-1) at 
which the complex begins to decompose. 
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On the basis of the determination of the compositions of the Merl, MeIIr, and 
MeIV complexes and the literature data on the structure of complexes of the elements 
with reagents of the arsenazo group cited above, two possible structures of the com- 
plexes of arsenazo III with the elements may be assumed, fragments of which, 
for MeIv, are illustrated in (V) and (VI): 

Structure of the complex in limits of the functional-analytical nucleus 

M. P. Volynets and the authors5 have carried out experiments with Th and La to 
determine the number of protons liberated in the reaction with arsenazo III at 
various ratios of Me to R. The method of high-frequency titration was used, which 
permits inflections on the titration curves of the metal and addend to be determined 
more accurately. l9 The experiments were carried out on the VU-2A apparatus of 
GEOKhI AN SSSRzO with a cell in the form of a thin-walled beaker (capacity 30 ml, 
diameter 23 mm), coated on the inside. The results of the titration were converted 
into graphs of microammeter reading versus ratio of the components in the solution 
(the curves are not given here). The use of this apparatus involved some limitations 
on the conditions of carrying out the experiment: the apparatus is sufficiently 
sensitive only for the titration of 10-2-10-4M solutions. At such a concentration, 
and at high acidity, the separation of precipitates is possible; consequently, complex 
formation was studied at pH 3. Two preparations of arsenazo III were used- 
in the form of the Na salt and in the form of the acid. In the latter case the reagent, 
in the form of a mixture of the free acid and the salt, was passed through a column 
of KU-2 cation exchanger in the H-form. The concentration of the solution to be 
titrated was generally O*OOlM, and the concentration of the titrating agent was 
10 times greater. 

The results obtained are given in Table I. 

TABLE I.-DETERMINATION OF THE NUMBER OF PROTONS LIBERATED WHEN THORIUM AND 

LANTHANUM FORM COMPLEXES WITH ARSENAZOIII 

Ratio, 
Me:R, 

Th 

KOH, equivalents 

La 

of components Arsenazo 111 Arsenazo III Arsenazo III Arsenazo III 
Acid Na salt Acid Na salt 

1:l 3.1 2.95; 3.1 2.0 2.1; 1.9 
1:2 3.85 4.2; 4.2 - - 

The results in Table I show that three protons are liberated in the formation of 
a 1: 1 thorium complex and 4 protons in the case of a 1:2 complex. In the formation 
of a lanthanum complex, two protons are liberated. 

Thus, the thorium complex of composition ThR has structure (V) (with one 
positive charge) and the ThR, complex has structure (VI), the remaining two valencies 
being compensated by a second molecule of arsenazo III. The complex of La with 
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arsenazo III has structure (VI). Elements forming doubly charged cations apparently 
also form complexes of type (VI). 

Results for complexes extracted in the form of their diphenylguanidinium salt 
confirm the conclusions drawn. The ThR, (excess of reagent) and UO,R complexes 
are extracted considerably more readily than the LaR and ThR complexes. In the 
latter case, to compensate for the positive charge of the complex, heavy hydrophobic 
anions must be added to the solution.21 

Selectivity 

It is possible to distinguish selectivity determined by the chemical properties 
of the element and selectivity determined by the nature of the reagent. In the first 
case, for reagents of the type R-OH the selectivity is based on the different tendencies 
of the ions of the elements to hydrolyse. In strongly acid media, a colour reaction 
is given by elements the ions of which have a considerable tendency to hydrolyse: 
Zr, Hf, UIv, Th, NpIV; in moderately acid media by U022+, rare earths, Bi, Feul; 
and in the weakly acid media by Pb, Cu, Ba, Ca, and NpO,‘. Thus, in the determina- 
tion of MetV a high selectivity is attained. The same case includes the possibility of 
increasing the selectivity by using masking complex-forming substances, extraction- 
photometric methods, and the like.?+l 

The selectivity of a reagent, as is well known, is determined by the nature of the 
functional-analytical group. The more simple its structure, the higher its selectivity. 
To explain the different selectivities of reagents utilising one particular functional- 
analytical group, supplementary conceptions must be brought in. 

Arsenazo III gives colour reactions with a smaller number of elements than 
arsenazo I or arsenazo II. It is found that no colour reactions are observed for 
elements the cations of which have a radius less than 0*7-O+ A. In Table 11 the 
first column gives the element, the second the ionic radius22 in A, and the third the 
molar absorption coefficient at A = 665 m,u. 

TABLE II.-RELATION BETWEEN IONIC RADIUS AND MOLAR ABSORPTION COEFFICIENT 

ET’ K E”’ r rf , K EIV r, A K 

Be 0.314 -0 Al 0.55 -0 0.55 -0 
Zn 0.566 -0 Ga 0.65 -0 0.60 -0 
Pb 1.28 10 x 108 Ln 0.95 -0 Sn 0.65 --o 
Ca 1.051 10 x 108 SC 0.81 19 x 10s Hf 0.77 95 x 10s 
Sr 1.175 10 x 10s Y 0.93 55 x 10s Zr 0.80 120 x 10s 
Ba 1.395 10 x lo8 Ce 1.18 47 x 10% U’” 1.02 100 x 10s 
uo,a+ - 53 x 10’ La 1.14 45 x 10J Th 1.10 130 x 20’ 

The figures suggest that apparently no ring-closure takes place when the radius 
of the metal ion forming the complex is relatively small. The values of K in Table II 
are approximate. 

For some elements, complex formation may not take place through the func- 
tional-analytical group comprising the AsO,H, group. For example, with Al and 
Ti the chromotropic acid grouping may form the complex: 

no on 

A-4 
I I I 

VII 
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In the case of arsenazo I, arsenazo IX, and unsymmetrical analogues of arsenazo 
III [reagents (VI~XIV)], or even of reagents not containing salt-forming groups 
in the o-position to the azo group [(XV), (XVI)] this leads to the formation, within 
the framework of the conjugated system, of a molecule with some dipole character; 
and with this is associated a deepening of the colour. In the case of symmetrical 
reagents-arsenazo III and reagent (XVII)---no dipole is formed and no visible 

x ~~N~N=N~ 
HO,S SO, H 

XI N=N 

03x 

XII 

XIII 
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HO OH 

XVI HO- 

XVII 

effects are found. With reagents (VIII) and (IX) complex formation may also take 
place through the second functional-analytical grouping: 

P 
HO 

\ ?” 
HOOC 

\ 

XVllla XVlllb 

which also leads to the appearance of a colour reaction. 

Analogues of arsenazo ZZZ 

In order to study the formation of complex formation by arsenazo III, more 
than 100 bis-azo derivatives of chromotropic acid and various amines of the type of 

HO ’ OH 

XIX 

have been synthesized, no full list of them being given here. Many of the compounds 
obtained proved to be extremely interesting analytical reagents in themselves, and 
may be of interest in the dete~ination of Nb, Zr, Hf, Th, Be, Pb, Cu, and some 
other elements. 

Previously, results have been given (masking coefficients or specific instability 
indicesz3) showing that all the bis-azo derivatives of chromotropic acid containing 
even one o,o’-azo-hydroxyarsono group form considerably more stable complexes 
with elements than, for example, arsenazo 1. 24*26 This is also found where the second 
benzene ring completely lacks a salt-forming group [reagents (X), (XI)]; or the 
group is not specific for thorium (XIII); or it is not located in the o-position to 
the azo group (XII, XIV). This shows that the marked rise in the stability of the 



Formation of arsenazo III complexes 17 

complexes observed with arsenazo III and other bis-azo derivatives of chromotropic 
acid cannot be caused by the simultaneous participation in complex formation of 
two functional-analytical groups and by the formation of closed rings, as is the case 
with EDTA. 

An indirect influence of the second substituent (possibly by enhancement of the 
tendency to protonisation of the azo group of the functional-analytical nucleus, 
and the marked stabilisation of the Me-N bond connected with this) is more 
probable. In addition, a definite effect is also attributed to the repeated occurrence 
in the reagent molecule of a grouping specific for a given element-if this does not 
lead to a marked deepening of the colour (through an enlargement of the system 
of conjugated bonds), to diminished solubility, and other undesirable features. 

Somewhat unexpected is the extremely pronounced reduction in the reactivity of 
the second functional-analytical group when the first takes part in complex formation. 
It may be assumed that a certain mutual influence of the two conjugated systems 
leads, when the first group takes part in complex formation, to the transfer of some 
positive charge to the second azo group, thus lessening the possibility of the for- 
mation of a second Men+-N bond. The lengthening of the conjugated chain in 
arsenazo III as compared with arsenazo I, and the associated possibility of the 
distribution of a positive charge transferred to the first azo group, is possibly one 
of the causes of the increased tendency to protonisation of one of the azo groups 
and, in the end, leads to a stabilisation of the Men+-N bond and of the whole complex. 

The other bifunctional reagents-arsenazo II and thoron II [reagents (III) 
and (IV)] have almost completely isolated conjugated systems. These reagents can 
form with MeI’ a complex of the composition Me,R having only one absorption 
band in the visible region, and having a considerably lower stability than the arsenazo 
III complexes, although higher than those of arsenazo I. The latter apparently 
indicates some slight interaction between the systems. 

Marked stabilisation of the complexes is also found with the analogues of 
arsenazo III-bis-azo derivatives of chromotropic acid-containing other salt- 
forming substituents in place of AsO,H,. * -PO,H,, -SO,H, -COOH, -OH. The 
mechanism of complex formation for these compounds does not apparently differ 
in principle from the mechanism of the formation of arsenazo III complexes, with 
the essential limitation that the nature of the salt-forming substituent determines 
the selectivity of the action of the reagents. 

A reagent26 containing two-PO,H, groups--chlorophosphonazo III-gives a 
colour reaction in acid solutions with Uv1,27 with Pa,2**2s and with Th, SC, Ti, and 
Zr.30y31 Reagents containing -COOH and -OH groups are specific for Al, Ti, Cu, 
Nb, and Ta; reagents containing-AsO,H,, -COOH, and -SO,H groups have been 
proposed as metal indicators for the barium ion in the determination of sulphates.32p33 
Examples are reagents (IX) and (XIII). The following reagents are also promising as 
metal indicators 9 
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They all contain as the complex-forming group of atoms: 

Reagents with two of these groupings [(XVII), et~.~3] form particularly stable 
compIexes with Ba and Sr. The stability of the complex formed by reagent (XVII) 
with barium can be judged by the simple fact that an intensely coloured complex 
is formed even in acid media-down to pH l-which is completely non-specific for 
barium and is not decomposed by sulphates. The sensitivity is 0*1-04 pg/ml of the 
element.33 

SYNTHESIS OF ARSENAZO III 

In the synthesis of arsenazo III, the method of increasing the activity of chromo- 
tropic acid, by treating it in the form of its cyclic salts,4s3Q is used. 

Synthesis 

Dissolve 60 g (@276 mole) of o-aminophenylarsonic acid in 100-200 ml of water and 60 ml of 
concentrated hydrochloric acid. Treat the solution with 100-200 g of ice and add slowly, with 
vigorous stirring, a solution of 20 g of sodium nitrite (0.29 mole) in 50-100 ml of water. Destroy the 
excess if nitrous acid by the addition of o-aminopbenylarsonic acid. 

Dissolve 26 g(O.0717 mole) of chromotropic acid (mono- or disodium salt) in 200-300 ml of water, 
and add a mixture of 40 g of calcium oxide and 200400 ml of water. Treat the mixture with 300-400 g 
of ice, and add the solution of diazotised ~-aminopbenylarsonic acid with stirring. Allow the mixture 
to stand for some hours at room temperature. 

Then add 4-5 litres of water and 05 litre of concentrated HCI. stir the mixture carefully. and 
set it aside. Then filter, wash the product on the filter with 1: 5 hydrochloric acid, water, and ethyl 
alcohol, recrystallise 2-3 times. Check the purity of the product by the quantitative reaction with 
thorium salts. Yield of arsenazo III 53-56 g. 

Zusammenfassuqg--Die zwei analytisch wesentlichen funktionellen 
Gruppen des Arsenazo-III-Molektils liegen in zwei fast voneinander 
isolierten konjugierten Systemen. Die Komplexbildung findet nur an 
einem davon statt; dies flirt zu zwei Banden im sichtbaren Spektral- 
bereich. Die Zusa~en~tzung der Komplexe fur Me(H) und Me(II1) 
entspricht MeR, bei Me(W) MeR oder MeR, (je nach Aciditat und 
Ko~entration der Komponenten). Elemente mit einem Ionenradius 
unter 0,7--0,8A geben keine Farbreaktion mit Arsenazo-III. Die 
Stabilitat der mit Reagentien vom Typ des Arsenazo-III (Bisazoderivate 
der Chromotropslure) gebildeten Komplexe hangt von der Natur der 
Me-N-Bindung ab und wird durch die GrijDe des konjugierten Systems 
im Reagens und der Natur des Substituenten bestimmt. 

Rhm&--Les groupes a deux fonctions analytiques de la molecule 
d’Arsenazo-III sont presents dans deux systemes conjugub presque 
isoles. La formation de complexe avec ies Uments n’intervient que 
dans le cas dun d’entre eux. Ceci donne I’apparence de deux bandes 
d’absorption dans la region visible du spectre. La composition des 
complexes pour Mert et MetI correspond a MeR et pour Merv a 
MeR ou MeRa (selon l’acidite et les concentrations des composants). 
Les elements a rayon ionique plus petit que 0,7-0,8 8, ne donnent pas 
de reaction colored avec l’Arsenazo-III. La stabilite des complexes 
form& par les reactifs du type Arsenazo-III (derives bis-azo de l’acide 
chromotropique) avec des elements depend de la nature de la liaison 
Me-N et est determinee pat la proportion de liaisons conjuguees dans 
la molecule du rkactif et par la nature du substituant. 
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Summa~-Using infrared absorption spectroscopy. a systematic 
scheme has been established for the identitication of the following 16 
anions: ferrocyanide, ferricyanide, thiocyanate, arsenite, periodate, 
salicylate, benzoate, bromate, iodate, silicate, oxalate, tartrate, phos- 
phate, arsenate, chromate and sulphate. 

INFRARED spe~trophotom~try has been established for some time as a popular- 
indeed well nigh indispensible-method for the identification and dete~ination of 
organic compounds. Although it has also been used for the investigation of inor- 
ganic anions, only one application to systematic qualitative analysis has been 
attempted.l 

In the present work infrared spectroscopy has been applied to the systematic 
identi~cation of the following polyatomic anions: ferrocyanide, ferricyanide, thio- 
cyanate, arsenite, periodate, bromate, silicate, iodate, salicylate, benzoate, oxalate, 
tartrate, phosphate, arsenate, chromate and sulphate. The above anions are sepa- 
rated into five groups according to the M.A.Q.A. Scheme of semi-micro qualitative 
inorganic analysis .aWQ A few mg of each group of anions, after being separated 
by its selective group precipitant, are washed with a suitable reagent, and dried; 
the precipitate is mixed with KBr, and a suitable disc is made. The infrared spectrum 
obtained permits the identification of the anions present. 

Apparatus and reagents 
EXPERIMENTAL 

The infrared spectra were recorded on a Perkin-Elmer “Infracord” spectrophotometer, model 
137. The KBr discs were prepared with a Perkin-Elmer die using an “Apex” hydraulic press with a 
lo-ton capacity on a ram of 2& inch diameter. Before use, the KBr, which was Analytical Reagent 
grade, was dried at 150” for at least 24 hr. All other chemicals used in the work were AnalaR. 

Procedure 
The procedure, technique, and equipment have already been described elsewhere.‘J 

RESULTS 

Characteristic absorption of the various anions 

Slight differences were found when the characteristic frequencies of the various 
anions, determined using the KBr disc technique, were compared with those obtained 
as mulls. These shifts can, in general, be attributed to the short range crystal forces 
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operating on the anions when pressed into the KBr lattice, thus perturbing the 

vibrational levels. These effects do not occur in the mull, where the material under 
investigation preserves its own crystal structure and is merely dispersed in an inert 
medium. 

Among the compounds studied here by the KBr disc technique, were some 
originally investigated by the mull technique,5 such as silica gel, silver bromate, 
calcium orthoarsenate, calcium phosphate (dibasic), and barium chromate. 

The characteristic absorptions observed were as follows: 

(1) Silver ferrocyanide : very strong, sharp absorption at 4.9 ,u with two other 
intense bands at 6.12 ,u and 6.2 ,LL A deep shoulder is noted at 4.95 ,LJ on the 4.9 ,U 
peak. 

(2) Silver ferricyanide : a very strong, sharp band at 4.73 ,u, (m. and sp. with sh.)* 
band at 4.90 ,u, and two intense bands at 6.12 ,u and 6.2 ,u. The main and charac- 
teristic absorption band for ferricyanide is that at 4.73 ,D; some of the others probably 

arise from ferrocyanide, produced on grinding the precipitate of silver ferricyanide 
with KBr. The fading of the orange colour of silver ferricyanide in the grinding 
process is evidence of this reduction. 

(3) Silver thiocyanate: a very strong, sharp band at 4.77 ,u, with a shoulder 
at 4.82 ,LL 

(4) Silver arsenite: strong bands at 6.92 ,u and 13.5 ,u, with two (s, b) bands at 

12.5 p and 14.5 ,LJ. A deep shoulder is observed at 11.3 ,u and a weak band at 6.1 ,u. 
(5) Silver periodate: a strong band at 6.92 ,u, two (b, s) bands having maxima 

at 13.65 ,u, 14.45 ,u. 
(6) Benzoate (as benzoic acid): (vs. sp) 14.05 ,u, 5.92 ,UU; (s, sp) 7.55 ,u, 7.75 ,u; 

(m, sp) 6.9, 7.04 ,u, 14.9 ,u; (m) IO.66 ,u; (w. sp) 14*55 ,LJ, 9.74 ,u, 9.32 ,LJ, 8.86 ,u, 
6.34 ,D; (w) 12.3 ,u, 8.46 ,u; (v, w) 10.0 ,u, 9.1 ,u, 6.7 ,u, 6.18 ,u, 6.25 ,D, 6.12 ,u, 5.6 ,u, 
5.22 /J, 4.8 ,u, 3.9 ,u, 3.74 ,u, 3.54 ,u, 3.35 ,LJ, 3.1 ,u. 

(7) Salicylate (as salicylic acid): (vs, sp) 14.25 ,u, 13.1 p, 8.65 ,u, 8.26 p, 8.02 ,u, 
7.75 ,u, 6.95 ,u, 6.85 ,u, 6.75 ,D, 6.05 ,u; (m) II.15 ,DU; (m, sp) 12.68 ,u, Il.68 ,D, 9.7 ,u, 
8.42 ,u, 7.58 ,u, 6.22 ,u; (w) 11.48 k, IO.35 ,u, 9.2 ,u, 7.25 ,u, 6.35 ,u, 3.85 /J, 3.5 ,u, 
3.35 y, 3.1 ,u; (v, w) 12.35 ,u, IO.05 ,u, 7.15 ,u, 6.58 p, 5.72 ,u, 5.48 ,u, 5.22 ,u, 5.15 p, 
5.06 ,u, 4.82 p, 4.62 /.L 

(8) Silicate (as silica gel, SiO,*xH,O): a very strong band at 9.2 /” and a weak 
band at IO.4 ,L 

(9) Silver bromate: a very strong band at 12.55 p with a shoulder at 12.75 ,u. 
(10) Silver iodate: a very broad, strong band, having maxima at 13.0 ,u, 13.75 ,u 

and 13.3 ,u. Medium shoulders at 12.5 ,u, 14.0 ,U and 14.2 ,u are also observed. 
(11) Calcium oxalate: (vs) 6.18 ,u; (s, sp) 7-25 ,u; (s, sp) 7.6 ,u; (s, sp) 12.72 ,u. 
(12) Calcium tartrate: (m) 3.86 ,XU; (vs) 6.3; (VW) 6.75; (s, sp) 7.24, (sh) 7.0, 

(sh) 7.15, (m, sp) 7.52, (m, sp) 7.82; (w, sp) 8.1, (vs, sp) 8.72, (vs, sp) 9.42, (m, sp) 9.9, 
(m) 10.4, (VW) 10.82, (VW) 11.28, (VW) 11.76, (m, sp) 12.2, (m) 14.0. 

(13) Calcium orthoarsenate: a (vs, vb) band at 11.9 p with a shoulder at 11.3 ,u. 
(I 4) Calcium phosphate (dibasic) : a very broad, strong band, having maxima 

at 9.7 ,u, 9.35 ,u and 8.9 ,u. 
(15) Barium chromate: (s) IO-60 ,LA, (vs) II-10 ,,!A, (vs) 11.45 ,u, (vs) 11.60 /_L 

* m = medium sp = sharp sh = shoulder s = strong b = broad w = weak v = very. 
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(16) Barium sulphate: (vs) 8.48 ,u, (vs) 8.95 ,u, (vs) 9.25 ,u, (m, sp) 10.15 ,u. 
Note: Absorption bands caused by reagents used in the course of analysis, such 

as the bands at 6.1 ,u, 6.2 ,u and 7.25 ,u, are neglected. 

Qualitative studies on mixtures of anions in groups 

It would appear from the foregoing results that the infra-red absorption spectra 
of the anions under study could provide a useful method for their identification 
either alone or in mixtures: 

Group 1: Ferrocyanide, ferricyanide, thiocyanate, arsenite, periodate: In a 
mixture containing all of these anions, identification of either arsenite or periodate 
was found impossible; however, if only one of these two is present alone [Fig. (l)] 
identification is possible. Ferrocyanide, characterised by its 4.9 ,u absorption band, 
is always found wherever ferricyanide is present in the mixture. This band shows 
itself either as a shoulder on the thiocyanate peak, or separate, when present in 

higher ratio. 
Ferricyanide, characterised by its 4.73 ,u absorption band, may give a separate 

band or a shoulder on the thiocyanate peak, depending on the ratio of ferricyanide 
to thiocyanate. 

Thiocyanate is identified either by its 4.77 ,u absorption band; by the twin bands 
with ferrocyanide; or by the shoulder at 4.82 ,u which at increased concentration 
develops into a new peak. This depends on the ratio of thiocyanate to the complex 
cyanide in the mixture and on the increase of the transmittancy of the disc. 

Group 2 : Salicylate, benzoate: For a mixture of salicylic and benzoic acids, the 
spectrum shows the characteristic absorption bands of the individual anions (Fig. 2), 
particularly at 7-04 p, 10.66 p, 12.3 ,u, 14.55 p, for benzoic acid; 13.1 p, 12-68 ,LJ, 
1 l-68 ,u, 11.15 p, 8.65 ,H, 8.26 ,u, 8.02 ,LJ, 6.75 p for salicylic acid. 

Group 3 : Bromate, silicate, iodate: In a spectrum of a mixture of these three 
anions, only the presence of silicate and iodate can be detected, because the bromate 
peak is masked by the broad iodate band. When the bromate-iodate ratio in the 
mixture is increased, a change in the shape of the iodate band is observed which 
may be taken as evidence of the presence of bromate. Fig. 3 shows a spectrum of 
a mixture of silicate and bromate. 

Group 4: Oxalate, tartrate, phosphate, arsenate: In a spectrum of a mixture of 
oxalate, phosphate and arsenate, the three anions can be identified (Fig. 4) from 
their characteristic absorption bands. Although a spectrum of all four anions of 
this group showed overlap of some bands, identification of the four individual 
anions is, however, possible by the following: oxalate by the 12.72 p band; tartrate 
from the 14-O p band; phosphate and arsenate from their characteristic absorption 
bands (which may undergo slight modification in mixtures.) 

Group 5: Chromate, sulphate: A spectrum of these two anions exhibits (Fig. 5) 
the characteristic absorption bands of the individual anions. No overlapping of 
the bands is observed. 

DISCUSSION 

Although attempts were made to use other existing schemes for the separation of 
anionss-* as the basis for this study, none of them proved satisfactory. This was caused 
by the accumulation of the spectral bands of many anions when precipitated in one 
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FIGS. l-5 
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group, and the impossibility of identifying the individual anions in the resulting 
spectrum. The effect of the reagents added during the course of analysis is very limited 
and the bands associated with them produce no interferences. Because of the 
decomposition at 100” of the silver salts (especially of Group 1) and the consequent 
accumulation of silver oxide, which tended to produce deformed spectra with poor 
transmittance, an alternative drying process, therefore performed in a vacuum desic- 
cator, is recommended for this Group. Drying of Group 2 salts was done under a 

funnel attached to a water pump. Other groups may either be dried in an oven at IOO”, 
or under vacuum. For oxalate and tartrate, vacuum drying is preferable. Under the 
above drying conditions, calcium dibasic phosphate, and calcium orthoarsenate are 
produced. 

Washing is necessary for the elimination of strong absorptions by adsorbed 
reagent. Water is used for washing Group 1 precipitates; 0*04&f HNO, for Group 3 
precipitates; 0*04M ammonia for Group 4 and 5 precipitates. Washing is carried 
out by stirring the precipitate with the wash liquid, using a glass rod, discarding 
the washings after centrifuging. 

The transmittances of the KBr discs of the compounds studied, were better 
than SO%, except for those made from silver arsenite and periodate; reasonable 
transmittance for these is only obtained when they are present in lower concentration 
in KBr. The decomposition of these two compounds, with the production of silver 
oxide, was also observed when their discs were subjected to infrared radiation, the 
discs being blackened at the end of each experiment. It is unlikely that the decom- 
position is brought about either by the grinding of the material with potassium 
bromide, or in the actual disc preparation, because clear discs could be made and stored 
successfully. The blackening of the disc during the duration of the experiment 
might be ascribed to either or both of thermal decomposition because of temperature 
rise of the disc, or photochemical decomposition of the material, since the disc is 
exposed to a wide range of wavelengths of light. The minimum wavelength given 
out by the source is of the order of 1000 A, and these wavelengths could result in 
the partial decomposition observed. 

Halides and sulphides are, of course, unsatisfactory for spectroscopic investigation, 
being transparent to infrared radiation. One possible further application, however, 
is the identification of those anions which, when treated with acid, evolve gases: 
a multiple-path cell could be used to achieve enhanced sensitivity. Such anions include 
sulphite, carbonate, hypochlorite, hypobromite. 

Zusanunenfassung-Mit Hilfe der IR-Absorptionsspektroskopie wurde 
ein systematisches Schema zur Identifizierung folgender 16 Anionen 
aufgestellt : Hexacyanoferrat(I1) und -(III), SCN-, AsO,~-, 101-, 
Salicylat, Benzoat, BrO,-, IOs-, Silicat, Oxalat, Tartrat, P048-, 
AsO,S-, CrOaZ- und SO,“-. Die Methode ist einfacher, schneller und 
empfindlicher als die orthodoxen Identifizierungsmethoden. 

R&sum&-L’emploi de la spectroscopic d’absorption infra-rouge 
nermet d’btablir un tableau systematicme d’identification des 16 anions 
&ants: ferrocyanure - ferricyanure - thiocyanate - arsenite - 
ptriodate - salicylate - benzoate - bromate - iodate - silicate - 
oxalate - tartrate - phosphate - arseniate - chromate et sulfate. 
Cette methode est superieure aux methodes d’identification habit- 
uelles car elle est simple, rapide et sensible. 
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RE-ACTIVATION ANALYSIS OF VANADIUM 

Y. KAMEMOTO and S. YAMAGISHI 
Division of Chemistry, Japan Atomic Energy Research Institute 

Tokai, Ibaraki, Japan 

(Recei#e~ 5 .&me 1963. Accented 16 &pen&r 1963) 

Summary-Re-activation analysis is applied to the determination of 
vanadium. After the addition of vanadium carrier to the irradiated 
sample, vanadium-52 is separated radiochemically pure by extraction 
with benzene as vanadium oxinate. The r-ray spectrum of the vanad- 
ium-52 is recorded; the height of the photopeak at 144 MN is 
measured and compared with that of a vanadium standard. The 
chemical yield of the purification step is decided by rekradiation of 
the separated vanadium oxinate solution and comparing the activity 
of the vanadium-52 with that of a further vanadium standard. The 
vanadium content of the sample is determined from the activity of 
the vanadium-52 induced by the tirst irradiation and corrected for the 
chemical yield from the second irradiation. 

IN previous papers 1~2 the authors reported on the method of re-activation analysis and 
its application to the determination of aluminium. This method has the advantage of 
determi~ng precisely the chemical yield after counting without loss of the sample. 

In a normal destructive activation analysis using short life nuclides, the chemical 
yield is determined by weighing a suitable precipitate of the element being analysed 
after counting its activity. For the precise determination of chemical yield it is not 
desirable to treat the irradiated sample after being counted. 

On the other hand, when the element to be determined does not have a suitable 
precipitate for weighing, the chemical yield is determined using a radio-isotope tracer. 
This method has the disadvantage of producing an error from the difference of 
chemical yield in each separation. 

In re-activation analysis, the chemical yield is easily corrected by re-activation 
of the counted sample and thus the source of error mentioned above can be eliminated. 

The re-activation technique consists of several typical steps, viz. the first irradiation 
of the sample, addition of a carrier, radiochemical separation, counting of the induced 
activity from the first irradiation, sealing the counted sample in a polyethylene tube, 
cooling, a second irradiation and counting the induced activity from the second 
irradiation. The element is determined by measuring the induced activity from the 
first irradiation, which is corrected for the chemical yield calculated from the induced 
activity from the second irradiation. 

In other words, the technique of non-destructive activation analysis is applied to 
determine the yield of radiochemical separation in normal destructive activation 
analysis. This method has now been satisfactorily applied to the determination of 
vanadium. 

THEORETICAL 

Solvent extraction was adopted for the radiochemical separation of vanadium 
because of its rapidity. In this method, the carrier to be added is limited to a rather 
small amount. Therefore, the amount of the element to be determined in the sample 

27 



28 Y. KAMEMOTO and S. ~AMAGI~ 

cannot be neglected in the calculation of the chemical yield. From theseconsiderations 
an equation for determining an element in the sample from the induced activities from 
the first and second irradiations has been derived? 

where W = weight of vanadium in the unknown sample (g), 

A,, = induced activity of vanadium-52 in the standard sample from the 
first irradiation, 

W,, = weight of the standard sample for the first irradiation (g), 

A 8aIn = induced activity of vanadium-52 isolated from the unknown sample 
after the first irradiation, 

WC = weight of vanadium carrier added to the irradiated unknown sample (g), 

ALLIn = induced activity of vanadium-52 from the unknown sample after the 
second irradiation, 

A;, = induced activity of vanadium-52 in the standard sample from the 
second irradiation, 

and W;, = weight of the standard sample for the second irradiation (g)_ 

The calibration curves of vanadium for the first and second irradiations (Figs. 2 
and 3) were not linear and therefore the amount of vanadium could not be determined 
from equation (1). 2 However, if the calibration curves are used to find the weights 
of vanadium corresponding to A,,, and A;,,, then A,,, and A;,, become equal to 
A,, and A;,, respectively, and equation (1) can be simplified to: 

where Wdobs = weight of vanadium corresponding to A,_ as observed from the 
calibration curve for the first irradiation (Fig. 2), 

and (W;Jobs = weight of vanadium corresponding to AA~~, as observed from the 
calibration curve for the second irradiation (Fig. 3). 

S~an~rd samples 

EXPERIMENTAL 

224-5 mg of ammonium vanadate (G.R.) were dissolved in 100 ml of water. This solution was 
further diluted to give vanadium solutions of several different concentrations. 1 m1 of each standard 
solution was sealed in a polyethylene tube and placed in the centre of a capsule by packing with 
soft paper. 

Samples 

Samples containing different amounts of vanadium, manganese, sodium and potassium were 
prepared in the same way as the vanadium standard samples. 

Apparatus 

The JRR-I reactor was used as a neutron source and the RCL-256 channel pulse height analyser 
with a 1.75 x 2 inch NaI (Tl) crystal (well-type) used as a counter. 
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Neuiron irradiation 

All irradiations were made in the No. 16 experimental hole (pneumatic tube) at a neutron flux of 
about 3 x 10” neutronscm-‘.sec-‘. The tirst irradiation was continued for 3 min and the second 
irradiation for 10 sec. 

Procedure 

After irradiation in the reactor for 3 min, the unknown sample solution was transferred to a 
separating funnel. 1 ml of vanadium carrier solution (48.889 pg of vanadium) was added, followed by 
50 ml of O.lMammonium tartrate solution (pH 4.6). Vanadium was then extracted with 5 ml of a 1% 
w/v solution of oxine in benzene. The benzene phase was transferred to a polyethylene tube, which was 
mounted in the NaI (Tl) crystal 5 min after the end of irradiation, counted for 2 min and the resultant 
y-ray spectrum plotted. The polyethylene tube containing the benzene phase was sealed and allowed 
to cool sufficiently for the vanadium-52 activity to decay to a negligible amount. It was then irradiated 
for 10 set, cooled for 110 set, counted for 1 min and the resultant y-ray spectrum plotted. The y-ray 
spectra of the irradiated standard samples for the first and second irradiations were recorded under 
the same conditions as for the unknown sample. Vanadium carrier solution was not added to either 
standard sample nor was the solvent extraction carried out. In each of the resultant y-ray spectra, 
the height of the photopeak at 144 MeV from the vanadium-52 was measured. 

Calibration curves were prepared for the first and second irradiations using the data of standard 

samples. (Wdobs and (Wst)obe were determined from these curves as the weights of vanadium produc- 
ing the same activities as Lam and A&,, respectively. The amount of vanadium in the unknown 
sample was then calculated by equation (2). 

y-Ray spectrum 
RESULTS AND DISCUSSION 

An example of the y-ray spectrum of vanadium-52 measured after the extraction 
with oxine-benzene solution is shown in Fig. 1. 

Calibration curves 

y - ray energy - 

FIG. 1 .--y-Ray spectrum of vanadium. 

The calibration curves of vanadium for the first and second irradiations are shown 
in Figs. 2 and 3, respectively 
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FIG. 2.-Calibration curve of vanadium for the first irradiation. 
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FIN. ‘J.-Calibration curve of vanadium for the second irradiation. 

Results 

Some results of analyses by this method are shown in Table I. The upper and 
lower limits of determination of vanadium are 25 pg and about 0.05 pg, respectively. 
The coefficient of variation of analysis for 3-91 ,ug of vanadium is 3.81% (6 results). 

y-Rays which may be confused with the 1.44 MeV y-ray of vanadium-52 are the 
1.368 MeV of sodium-24, I.37 MeV of holmium-166,1*479 MeV of molybdenum-93m, 
1.49 MeV of nickel-65 and 1.53 MeV of potassium-42. Also, the l-81 MeV y-ray of 
manganese-56 would affect measurement of the height of the 1.44 MeV vanadium-52 
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TABLE I.-ANALYSES OF VANADIUM BY RE-ACTIVATION ANALYSIS 

Sample no. ._ 

V taken, ,ug 

Sample 

Other elements taken, mg 
V found, ,ug 

8 
9 

10 
11 
12 
13 
14 
15 
16 

0.20 0 0.20 
0.39 0 0.29 
1.96 0 2.07 
3.91 0 3.68 
3.91 0 4.00 
3-91 0 4.01 
3.91 0 4.12 
3.91 0 3.78 
3.91 0 3.90 

12.22 0 11.8 
24.44 0 27.2 

3.91 Na 0.1 3.78 
3.91 Na 1 3.90 
3.91 K 0.1 3.90 
3.91 Kl 3.91 
3.91 Mn 0.1 4.61 

peak. The interference from manganese-56, sodium-24 and holmium-166 must be 
taken into account because of their high activation cross sections and saturation 
factors.3 

Because sodium and potassium are not extracted with oxine-benzene solution, 
these elements do not affect the determination of vanadium by the present method. 
Manganese should not affect it either, because of its non-extractability with oxine- 
benzene solution, but some interference was found. Some precipitation of manganese 
hydroxide takes place at the pH of the sample solution at the extraction stage and part 
of this precipitate is presumably carried into the benzene phase. No method of 
overcoming the interference from manganese was found. 

Zusanunenfassung-Die zweistufige Aktivierungsanalyse wird auf die 
Bestimmung von Vanadin angewandt. Nach Zugabe von Vanadin- 
trlger zur bestrahlten Probe wird &*V radiochemisch rein als Oxinat 
d&h Extraktion mit Benz01 abgetrennt. Das Gammastrahlen- 
spektrum des W wird registriert; die Hijhe der Linie bei 1,44 MeV 
wird gemessen und mit der eines Vanadiumstandards verplichen. Die 
cherr&che Ausbeute des Abtrennungsschrittes wird dt&h emeute 
Bestrahlung der Vanadiumoxinatlosung bestimmt ; deren 6aV-AktivitPt 
wird mit der eines weiteren Vanadiumstandards verglichen. Der 
Vanadingehalt der Probe wird aus der durch die erste Bestrahlung 
hervorgerufenen T-Aktivitat berechnet und fur die auf Grund der 
zweiten Bestrahlung bestimmte chemische Ausbeute korrigiert. 

RBsum&L’analyse par reactivation est appliqued a la determination 
du vanadium. Aprts addition dun porteur de vanadium a l’tchantillon 
irradie, le vanadium-52 est &pare sans impurete radiochimique par 
extraction au benzene sous forme d’oxinate de vanadium. On enregis- 
tre le spectre de rayon y du vanadium-52; la hauteur du pit a 1,44 MeV 
est mesuree et comparee a celle dun spectre Ctalon de vanadium. On 
determine le rendement chimique de la purification en irradiant a 
nouveau la solution &par&e d’oxinate de vanadium et en comparant 
I’activite du vanadium-52 a celle d’un autre Ctalon de vanadium. On 
determine la quantite de vanadium contenue dans l’echantillon a 
partir de l’activitt de vanadium-52 provenant de la premiere irradiation 
et la correction due au rendement chimique est calcul&e a partir de la 
deuxieme irradiation. 
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Sunuuary-Mixtures consisting of orthophosphate, its linear polymers 
up to and including tridecaphosphate, and three eyeho polymers have 
been separated by ion-exchange c~om~to~m~hy. One of the cyolii 
polymers (found in ~I~hosph~~ @asses of ii E 10) is probably 
~n~t~phosphat~. Jts cyclic natum has been demonstrated by 
end-group titrations and by paper chromatography, but attempts to 
determine the number of phosphorus atoms in the ring failed because 
of the very small amount of the compound available. Evidence is 
presented in support of the common assumption that the linear 
phosphates above the tetramer are eluted in the sequence of their 
increasing degree of polymerisation. 

Tm oligophospbates consist of two homologous series o~reasonab~y stable compounds. 
The linear polymers can be represented by the general formula Nan+tPn08n+.l, while 
the cyclic polymers have the general formula NanPlaQn.l In the latter case, the 
trimer and tetramer are commercially available. Evidence for the existence of the 
higher cyclic phosphates in partially degraded Graham salt (long-chain linear poly- 
mers) has been obtained by paper chromatography,2 but these compounds have been 
isolated only in trace quantities. 

Xn dilute aqueous solution, ah of the ohgomers undergo slow de~adation to 
orthophosphate. However, at room temperature and at pH levels near 7, the 
degradation is slow enough to permit the analysis and the study of the properties of 
the individual polymeric species. 

The properties of adjacent members of the polymeric series are so similar that the 
analysis of mixtures of these polymers is a difficult task. Classical, wet chemical 
methods are not able to distinguish between oligomers greater than the trimer.3 
Two-dimensional paper chromatography has isoXated “spots” for both the linear and 
cyclic polymers through the tetramers and has partially resolved spots for higher 
compounds of both types.4 Quantitative appIications of this technique are subject to 
relative errors of several per cent because of the small samples and the relatively 
harsh elution conditions. Ion-exchange chromatography has been utilised for the 
separation and dete~nation of each cons~tuent in mixtures of phosphates.s-9 
The fundamental theory of this approach, applied to the phosphates, was published 
in 1954,g and succeediu~ papers have extended the original separation to higher 
oligomeric species. A description of a device for the automatic recording ofthe elution 
graph in the analysis of phosphate mixtures has been published.l* 

Matsuhashi* extended the range of the ion-exchange method as far as the 
dodecaphosphate. However, his separation of the linear polymers above the trimer 
was not quantitative and the cyclic polymers would have overlapped the linear in any 
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single elution. Jameson achieved a quantitative separation of the linear polymers 
through the dodecaphosphate by gradient elution, but he did not separate the cyclic 
polymers from the linears. 

RESULTS AND DISCUSSION 

Anion-exchange chromatography 

Previous work in this laboratory 517 had indicated that moderately crosslinked 

polystyrene resins with the ionic group -CH,N+(CH,), are best for the separation of 
the condensed phosphates. Amberlite XE-119 (analogous to IRA-400 but with a 
mesh range of 400 to 600) was selected. 

In the previous work, 5 the pH of the eluent had been chosen with the aid of 
equations (19) and (20) of reference 6 (or similar equations) so as to give maximum 
separations between neighbouring members of the polymeric series. 

A difficulty was experienced in the present work in applying these equations 
because the values of the ionisation constants and the selectivity coefficients are not 
known for the polymers above the tetramers. Therefore, the following semi-empirical 

method was used to predict the elution behaviour of the higher linear polymers at 
pH 5.11 

From the data of Irani and Callis, l2 it seems likely that for any oligophosphoric 
acid, H n+2Pn03n+l, the last three ionisation constants will have the values: Kz_, g 
lOV, Kz_, z 10-6, Kz gg IOW (2 = n + 2). It can then be calculated that at pH 5.0, 
almost 91% of the polymer is present as H&Z+Z, 9 % as HA-‘+l and negligible 
amounts as other species. By neglect of all species except the predominant H,A-Z+2 
it can be proved6y11 that at pH 5.0 

W is the dry weight of the resin in the column (g); Q is the exchange capacity of the 
resin (mequiv/g); V is the interstitial volume of the column (ml); Ez_-p, the selectivity 
coefficient, is the classical equilibrium constant of the exchange reaction between the 
ions H,A-(z+2) and Cl-. For any given ion-exchange column, WQ/ Vis constant over 
a range of eluent concentrations. Then equation (1) indicates that each linear phosphate 
in Fig. 1 should have a slope of -(Z - 2) = -n. The actual slopes from n = 1 to 
n = 3 are about 10% steeper than the predicted values. The data for these species 
were taken from the work of Lindenbaum and coworkers.5*s Furthermore, E,., for 
these linear phosphates did not vary much over the range of eluent concentrations 
used nor from one polymer to another. l1 Therefore the graphs for the species larger 

than the trimer were drawn with slopes of - 1.10 n and with E,_, = 6 x IOV in all cases. 
Because all ionisation constants of the cyclic phosphates are very large, their 

elution behaviour is not affected by the pH of the eluent. Their C values vary with 
the concentration of the eluen@ approximately according to the equation 

c-WQ E.z 
v .[c1-1” (2) 

For cyclic phosphates, 2 = n. 
The position of any peak in an elution graph with only one concentration of 

eluent is given by the equation 
u*=cv+v (3) 
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FIG. I.-Values of log C for various linear phosphates eluted by potassium chloride 
at pH 5.0: 

Trd-tridecaphosphate, Pe-pentaphosphate, 
Un-undecaphosphate, Te-tetraphosphate, 
Nn-nonaphosphate, Tr-triphosphate, 
Hp-heptaphosphate, Py-pyrophosphate, 

Or-orthophosphate. 

Log C is plotted against the logarithm of the eluent concentration. The curves for 
ortho- through triphosphate were determined experimentally,5*6 while those for tetra- 
through tridecaphosphate were determined as described in the text. 

where lJ* is the volume of effluent at the peak. The separation factor for any two 

adjacent polymers is the ratio of their C values, C,/C,. Thus the facility with which 
any two phosphates may be separated is given by A log C = log C, - log C,, i.e., 
the vertical distance between the appropriate graphs in Fig. 1. Obviously, the separa- 
tion is very difficult (requiring very long columns) at large concentrations of eluent 
and much easier at small concentrations. On the other hand, small concentrations of 
chloride cause large values of C and U* and hence lengthy elutions. In order to 
obtain a satisfactory elution, it is necessary to use an eluent less than 0*30M until 
several of the lower polymers are eluted, then to increase the concentration in several 
steps (or gradiently) to about 0~40M. 

Several preliminary elutions were performed in which unsatisfactory separations 
were obtained. In each elution, the concentration or the volume of one or more of 
the eluents was changed to improve the separation according to the principles 
discussed above. Minor changes in pH of some of the eluents were also made in order 
to improve the separation of overlapping pairs consisting of one cyclic and one linear 
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polymer. The elution shown in Fig. 2 was finally obtained. This shows a nearly 
perfect separation of the linear polymers as far as trideca and three cyclic compounds. 
The peaks of the compounds with four or less phosphorus atoms per molecule 
were identified by running elutions with known compounds under the same conditions. 
The identity of the other peaks, especially the “unknown cyclic phosphate” is 
discussed in the next section. 

IRA-400 28cm x40 cm2 KU 

0.100 

0.050 

0.050 

I 
0.40 I 

0.100 

Fmction number 

FIG. 2.--Separation of the oligophosphates by anion-exchange chromatography. 
Absorbance, A, at 400 m,u plotted against fraction number. Each fraction equals 

26 ml. A flow rate of 0.42 cm/min was maintained. The sample contained 62 mg of a 
polyphosphate glass with ii E 8. Trm and Tern denote trimetaphosphate and tetra- 
metaphosphate, respectively. 

“Unknown cyclic phosphate” 

In several preliminary elutions, a “shoulder” appeared on the left side of the peak 
of tetraphosphate, indicating that another compound was being eluted at this point. 
As indicated in Fig. 2, conditions were found that gave a very good separation of 
these two compounds. 

In attempting to identify the compound causing the new peak, the fraction of 
eluate containing it was collected and freed of the acetate buffer used in the eluent to 
control the pH. The solution of the unknown compound was then adjusted to a pH 
of about 4 and subjected to a potentiometric micro titration with sodium hydroxide 
solution. Under these conditions, linear phosphates above the tetramer give two 
jumps at pH values about 5 and 8 ; the base used between the jumps corresponds to 
the two weakly ionised hydrogens on the end groups. This titration in conjunction 
with a determination of total phosphorus furnishes the data needed to calculate the 
degree of polymerisation of the linear compound1 

2G 
n=-..-- 

8 (4) 

where t9 is the number of mequiv of weakly ionised hydrogen and G is the number of 
mg atoms of phosphorus present as linear polymer. The titration graph of the 
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unknown compound showed only one jump’l (Table I), indicating that it has no weakly 
ionised hydrogens and is therefore cyclic. 

Further confirmation of the cyclic nature of the unknown compound was obtained 
by two-dimensional paper chromatography. Because the ratio of potassium chloride 
to phosphate in the eluate was too great for satisfactory paper chromatography, the 
major part of the potassium chloride was removed as described subsequently. 

TABLE l.-END-GROUPTITRATIONOFTHE 

UNKNOWN CYCLICPHOSPHATE 

Burette 
reading, ml PH APH 

0.0300 4.09 
0.10 

0.0340 4.19 
0.16 

0.0380 4.35 
0.22 

0.0420 4.57 
0.42 

0.0460 4.99 
2.10 

0.0500 7.09 
144 

O-0540 ,853 
0.38 

O-0580 8.91 
0.27 

O-0620 9.18 
0.14 

0.0660 9.32 

Total phosphorus = 14.8 pmole 

Under conditions very similar to those recommended by Karl-Kroupa,4 the 
unknown cyclic gave a spot in the region where pentametaphosphate would be expected. 
It was moved very little by the acidic solvent; in the basic solvent, its Rf value was 
O-35 compared with 0.39 for tetrametaphosphate. These facts indicate that the 
unknown compound was probably pent~etaphosphate. However, positive identifi- 
cation by chromatography, either on paper or through ion-exchange columns, 
requires the use of known cyclic polymers above the tetramer, which are not available. 

Hydrolysis of cyclic phosphates by base results in large quantities of the corre- 
sponding linear phosphates. l3 Several attempts were made to apply this technique 
to determinations of the unknown cyclic phosphate. 

Reasonably large quantities of this compound were isolated by successive elutions 
and subsequent removal of acetate ion. The samples were hydrolysed with various 
concentrations of sodium hydroxide solution. The temperature and time for the 
hydrolysis were also varied. After hydrolysis, cations were removed by the technique 
for the removal of potassium chloride. The neutralised solution was then subjected 
to anion-exchange chromatography under conditions similar to those of Fig. 2 in 
order to identify and determine the products of degradation. Large quantities of 
tetraphosphate were isolated along with smaller quantities of ortho-, pyro-, tri- and 
the unknown cyclic phosphate. Although pentaphosphate was not found in the 
hydrolysate, it is possible that this compound was formed during the hydrolysis. then 

4 
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was itself degraded. The small amounts of unknown cyclic compound present in these 
samples did not allow a detailed investigation of its properties. Because this sort of 
hydrolysis data is generally indicative rather than conclusive, this approach was not 
pursued further. 

The compound is certainly cyclic as is evidenced by both its titration behaviour 
and its behaviour in paper chromatography. It is impossible to state, at the present 
time, the number of phosphorus atoms per ion. For this reason the compound 
has been designated “unknown cyclic phosphate”. 

rdent~~cati~n of peaks in the e~ut~o~ graph 

The oligophosphates through the tetramer are easily prepared or obtained eom- 
mercially. The peaks corresponding to these compounds have been identi~ed by 
eluting the known compounds. Higher oligomers through the octamer have been 
identified by paper~~hromatograp~~ analysis of their de~adation products.lq In 
this laboratory, peaks corresponding to linear oligomers were identified by end-group 
titration, on the micro scale, of the appropriate fraction of eluate. 

A titration of the phosphate contained in fractions 78 to 85, obtained from two 
successive elutions similar to that in Fig. 2, is summarised in Table II. Several of 
these micro end-group titrations are summarised in Table III. The phosphate had been 
degraded somewhat between the time of elution and the titration. The procedure for 

TABI.F,II,-END-GROUP TITRATION OF FRACTIONS 78 TO 85 

Burette 
reading, ml PH *PH A2pH 

0.0600 4.99 
0.33 

0.0640 5.32 +0*12 
0.45 

0.0680 5.77 -0.09 
0.36 

0.0720 6.13 

O-0800 6.90 
044 

O-0840 7.34 $0.19 
0.63 

0.0880 7.97 -0.10 
0.53 

0.0920 8.50 

0.0866 - 00663 = 0*0203 ml = 2.40 pmole of end group 

Volume = 26 ml (after acetate removal); NaOH = 
0.118M; total phosphorus = 5.7 pmole 

TABLE III 

Fraction Titrant, Total P, cyclic P, 
numbers @mole @mole pmole 

78-85 24 5-7 0 
78-85 10.8 33.1 4.9 

103-113 8.2 34.2 6.6 

Experkental Compound 

4.8 pena 
5.2 penta 
67 hepta 
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acetate removal also removes oligomers smaller than the trimer; thus a major source 

of error in the titration was the presence of trimetaphosphate which resulted from 
the degradation. l4 This was corrected by precipitation of the linear phosphates by 
barium ion and the quantitative determination of the soluble trimetaphosphate.ls 
The procedure differed in that the volume of the solution before precipitation was 
adjusted to 40 ml and 10 ml of 1*5M barium chloride were added. The solution 
volumes were about one-fifth of those used in the other study.15 

Reagents 
EXPERIMENTAL 

Reagent-grade chemicals and de-ionised water were used throughout this work. 
Preparation ofphosphate glasses: Samples of glassy sodium polyphosphate were prepared by 

mixing sodium pyrophosphate decahydrate with sodium dihydrogen phosphate monohydrate. The 
quantities of the two compounds were adjusted so that phosphorus was present in a 15 % excess of 
the desired sodium to phosphorus ratio in order to compensate for the hydrogen that is not expelled 
by the fusion. I6 The mixture was placed in a platinum boat and inserted in an electric oven where it 
was kept at 600” for 17 hr. The mixture was removed and cooled rapidly between steel plates. The 
glassy buttons were broken and dissolved in water. The solution was filtered into a lOO-ml volumetric 
flask, diluted to the mark and stored in a refrigerator at about 5”. 
every month because of the degradation of the polymer. 

A new sample of glass was prepared 

Eluents: Preparation of the buffered eluents has been described previously.’ 

Procedure for ion-exchange chromatography 

Preliminary treatment of resin. The resin was slurried with an excess of water and allowed to 
settle. The fines were removed by decantation. This process was repeated until the resin settled 
homogeneously. Supernatant water was poured off and the resin was slurried with O.lMhydrochloric 
acid. The slurry was then poured into a Pyrex tube with a fritted-glass plug at the bottom. A short 
piece of Tygon tubing was attached to the bottom of this tube and a Hoffman screw clamp was used 
to regulate the flow of liquid through the tubing. The resin was allowed to settle and was then 
washed with 1 litre of O.lMhydrochloric acid. This was followed by a washing with water until the 
acid was completely removed from the column. 

The resin, in the chloride form, was converted to the hydroxide form by elution with O.lMsodium 
hydroxide solution until the eluate gave a negative test for chloride. Interstitial base was removed 
by washing with water and the resin was reconverted to the chloride form by the addition of 3M 
hydrochloric acid. After 12 hr the exchanger was washed with 1 more litre of acid. 

The resin was then equilibrated with the first eluent. Experience in this field has shown that the 
first elution with a “prepared resin” is seldom satisfactory. In order to avoid this, a “pseudo elution” 
was performed, i.e., an elution was carried out with a sample of phosphate glass, but the fractions, 
instead of being analysed, were discarded. The column was washed with 3M hydrochloric acid, 
allowed to stand overnight, and again eluted with the acid. 

The purpose of these washings is to remove impurities which are trapped by the resin during the 
synthetic process. The forgoing eluents should remove iron”* 
present as well as most other materials. 

Ion, soaps, any phosphates originally 

Chromatography. The eluent was drained to within 1 mm of the resin bed. A l- to S-ml sample, 
was delivered to the top of the bed by means of a pipette. 

Collection of fractions was started after this step. 
The solution was once again drained to 

the bed. The wall of the tube was washed twice with 
5-ml portions of the first eluent and drained to the bed between washings. Delivery of eluent was 
started at this point. The flow rate was maintained at 0.42 cm/min by means of a chromatographic 
“Minipump”(Milton Roy Company, Chestnut Hill, Pennsylvania, U.S.A.). The pump was connected 
to Tygon delivery tubes by means of “Vari-grip” fittings made of Teflon (Beckman Instruments, 
Inc., Mountainside, New Jersey, U.S.A.). The fraction-collecting assembly has been previously” 
described. 

Upon completion of an elution, the pump was disconnected and the resin was equilibrated with 
3M hydrochloric acid delivered with the aid of hydrostatic pressure. The resin was allowed to stand 
overnight in contact with the acid, then eluted with 1 litre of the 3Macid. 
are removed by this procedure. 

High polymeric phosphates 

End-group titrations 

Removal of acetate buffer. Fractions containing the desired phosphates were obtained by elutions 
similar to that in Fig. 2. The fractions were combined and diluted with water to give a solution 



40 HERBERT L. ROTHBART, HENRY W. WEYMOIJTH and WM. RIEMAN III 

0.25M in potassium chloride. This was adjusted to pH 7.0 & 0.3 by the addition of O.lM sodium 
hydroxide-solution. The entire solution w;?s passed-through a colu-mn of the resin in the chloride 
form which measured 6.0 cm x 3.8 cm2. Potassium chloride (0.2.5M. DH 7.0 f 0.3) which was free 
from acetate was passed through the column at a flow rate of 0.6 cm]min until the effluent gave a 
negative test for acetate. After removal of the acetate, the elution was continued with 0.70M potas- 
sium chloride which was at pH 7.0 f 0.3. The desired phosphate was contained in the first one or 
two 26-ml fractions of this eluent. 

These elutions condensed the volume of phosphate-containing solution from about 170 to 26 ml. 
The amount of potassium chloride present was decreased from about 42 to 18 mmoles. 

Testfor acetate. A 2.0-ml sample of 1.0 x IO-$M hydrochloric acid was added to a 26-ml fraction 
of effluent and the pH was compared to that of a solution prepared from 26 ml of eluent and the acid. 
Identity of pH after the removal of carbon dioxide with nitrogen indicated the absence of acetate. 

Titration procedure. After removal of the acetate buffer, the phosphate-containing samples were 
titrated with the aid of a Gilmont micro burette (Manostat Corporation, New York, U.S.A.) The 
sample was contained in a polyethylene bottle. A glass electrode and a fibre-type calomel electrode 
were inserted through a hole in the shoulder of the vessel. They were connected to a Beckman pH 
meter, model G. A thin Pyrex tube which was connected to a tank of nitrogen was introduced, 
through the plastic wall, into the solution. The microburette was similarly introduced into the 
liquid. The pH of the solution was adjusted to less than 4.0 by addition of 1M hydrochloric acid. 
The bottle was stoppered with a one-hole rubber stopper through which a short piece of glass tubing 
was inserted for the escape of gas. Nitrogen was bubbled through the solution for 15 min, expelling 
any dissolved carbon dioxide. The bubbling was maintained throughout the titration to afford 
mixing. 

Sodium hydroxide titrant. The base was prepared from an aliquot of 18M reagent-grade sodium 
hvdroxide and was diluted with freshly nrenared de-ionised water. The solution was stored in a 
pblyethylene bottle and protected against ‘carbon dioxide by Ascarite. The solution was standard&d 
against potassium hydrogen phthalate and potassium dihydrogen phosphate. 

Determination of totalphosphate in a fraction. Standard solutions of the phosphate were used to 
prepare a “Beer’s-Law curve.” Total phosphorus was determined after titration and separation by 
the use of this spectrophotometric technique.5s6 

Paper chromatography 

Elimination of potassium chloride eluent. A 26-ml sample of 0.70M potassium chloride, which 
contained a particular phosphate, was prepared by the procedure for the removal of acetate. A 
column of Dowex 50-X4, 200-400 mesh, which measured 6 cm x 3.8 cm2 was converted to the 
hydrogen form with 3M hydrochloric acid. It was washed with water to remove the interstitial acid. 
The solution was passed through the column, the wall was washed with cold water and additional 
water was used as an eluent. The first 50-ml portion contained the desired oligophosphoric acid, 
some hydrochloric acid and no cations other than hydrogen ion. This procedure was carried out in 
the refrigerator to minimise degradation of the polymer. 

The 50 ml of effluent were evaporated to about 2 ml in vacua. A trap with a Dry Ice-acetone 
mixture was placed in the line. The rapid evaporation maintained the temperature of the solution at 
5 to 10” and prevented serious degradation. The small aqueous residue in the flask was treated with a 
slight excess of O.lM sodium hydroxide solution so that the resultant solution was basic. 

The procedure was performed as soon as possible after the isolation of the phosphate by anion- 
exchange chromatography. As a result, only small amounts of its degradation products along with 
sodium chloride and hydroxide were also present. The quantities of these contaminants are probably 
not great enough to interfere seriously in the later experiments. 

Paper-chromatographic procedure. This technique has been previously described.a,4 Twenty 
~1 of the phosphate solution, from which the potassium chloride had been removed, were applied to 
the paper in increments of 3 ~1 or less. Samples of tetraphosphate and tetrametaphosphate were 
similarly applied to the paper at some distance from the origin to serve as standards. 

Acknowledgements-The authors are indebted to the Atomic Energy Commission for financial 
support of this investigation and to the Rohm and Haas Corporation for a donation of a quantity of 
ion-exchange resin. The authors wish to acknowledge some preliminary work by Helmut Lutsep and 
Nels Ralph Nelson. 

Zusammenfassun8-Mischungen aus Orthophosphat, seinen linearen 
Polymeren bis einschlieelich Tridekaphosphat und drei cyclischen 
Polymeren wurden durch Ionenaustauschchromatographie getrennt. 
Eines der cyclischen Polymeren (das sich in Polyphosphatglasern mit 
ii E 10 tindet), ist wahrscheinlich Pentametaphosphat. Seine cyclische 
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Natur wurde durch End~p~ntitrationen und dumb Papierchrom- 
atographie bewiesen, aber Versuche zur Bestimmung der Anzahl der 
Phosphoratome im Ring schlugen fehl, da nur eine sehr geringe Menge 
der Verbindung zuganglich war. Es wird tiber Ergebnisse berichtet, 
die die tibliche Armahme stiitzen, daD die linearen Phosphate oberhalb 
dem Tetrameren in der Reihenfolge ihres Polymerisationsgrades 
eluiert werden. 
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Sunnnary-A method for the determination of trimetaphosphate in the 
presence of linear oligophosphates above the trimer has been developed. 
It has been demonstrated that ortho-, pyro- and triphosphate are 
incompletely precipitated by barium ion, while higher oligomeric 
linear phosphates are precipitated quantitatively. The latter species 
have been isolated from phosphate mixtures by anion-exchange 
chromatography, mixed with known quantities of cyclic phosphate, 
and precipitated with barium ion. A mean error of +0.8 and a 
standard deviation of i 3 pmole of phosphorus as the cyclic ion have 
been found for mixtures containing from 0 to 203 pmole of phosphorus 
as trimetaphosphate in the presence of 0 to 81 pmole of phosphorus as 
the linear polymers. 

A NUMBER of cases has been found in which there was a need for a rapid method for 
the determination of trimetaphosphate in the presence of linear phosphates.lp2 

It is well known that the barium salts of linear phosphates are sparingly soluble 
while those of the cyclics are much more soluble. There was doubt, however, that a 
quantitative separation of these species was possible by precipitation. Jones3 
attempted to precipitate the degradation products of trimetaphosphate at pH 9 using 
barium chloride, while Healey and Kilpatrick” reported that the precipitation of 
orthophosphate wasincomplete under these conditions. The determination of trimeta- 
phosphate, by this technique, in the presence of ortho-, pyro- and triphosphate has 
been shown to be erratic.5 

The following study was made to find out whether trimetaphosphate can be 
determined in phosphate mixtures by precipitation of the linear polymers by barium 
ion. 

RESULTS AND DISCUSSION 

All attempts to precipitate quantitatively the phosphates from solutions of 
phosphate glasses failed when the average degree of polymerisation (ff) was about 4. 
In these cases, the method described in the next section left 10 to 15 pmole of phos- 
phorus in solution. Varying the pH from 5 to 9, precipitating from the solutions at 5” 
and “gathering” with sulphate did not improve the results appreciably. 

On the other hand, the precipitation was nearly quantitative with samples of 
phosphate glasses with ti z 6. The slightly low results were probably because of the 
presence of small amounts of cyclic compounds in these glasses.6 It was, therefore, 
postulated that the method of precipitation is not quantitative with linear phosphates 
of A I 3. In order to test this hypothesis, two samples of sodium triphosphate were 
treated with barium chloride, one in the presence and one in the absence of a phosphate 
glass of A g 8. In both cases, the same amount of phosphorus remained in solution. 
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FIG. I .-Elution of a phosphate glass by potassium chloride eluents at pH 5.0: 

Tr-triphosphate, 
Te-tetraphosphate, 
Hp-heptaphosphate. 

Absorbance, A, at 400 m,n plotted versus fraction number. The total number of 
p mole of phosphorus in a fraction is equal to 39.0 A. Each fraction equals 10.8 ml. 
The concentrations of the potassium chloride eluents are indicated on the graph. 
Fourteen mg of a phosphate glass, with an ii of about 4, were utilised. 

TABLE L-SUMMARY OFPRECIPITATIONSOF LINEAR PHOSPHATES BY BARIUM ION 

Sample 
no. 

1 
2 
3 
4” 
5 
6 
I 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 

P taken, P found, 
pmole pmole 

Linear Cyclic Linear Cyclic 

65 0 61 4 
66 26 61 31 
68 71 67 72 
70 117 54 133 
73 180 70 183 
72 0 72 0 
73 34 12 35 
15 68 14 69 
78 136 84 130 
81 203 85 200 
0 0 0 0 

0.5 13 0 14 
3.3 75 4.8 13 
4.9 112 6.0 111 
8.2 188 0 196 
29 0 28 0 
29 0 30 0 
60 0 60 1 

Mean 
Standard deviation 

Error, 
pmole 

Linear Cyclic 

-4 t4 
-5 +5 
-1 +1 

-16 +16 
-3 1-3 

0 0 
-1 i-1 
-1 t-1 
t6 -6 
+4 -3 

0 0 
-1 t1 
12 -2 
+1 -1 
-8 t8 
-1 0 
+1 0 

0 +1 
-0.7 +0*8 
13 xt3 

a Omitted in the calculation of the mean and the standard deviation. 
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As a further test of this hypothesis, linear phosphates below the tetramer were 
removed from phosphate glasses by anion-exchange chromatography. A typical 
elution is shown in Fig. 1. The fraction containing the polymers from the tetramer to 
about the heptamer was isolated and immediately used as a source of linear polymers. 
A known amount of trimetaphosphate was added to this fraction or an aliquot thereof, 
The resultant mixture was subjected to the precipitation procedure described below. 

The results are given in Table I. The second column is the quantity of phosphorus 
in the glass plus the small amount of non-cyclic phosphorus present as an impurity 
in the recrystallised sodium trimetaphosphate (see next section). The third column is 
the corrected quantity of trimetaphosphate present. The fifth column is the quantity 
of phosphorus found in the filtrate after the precipitation. The fourth column is the 
total quantity of phosphorus less that in the fifth column. Except for one sampIe, the 
results are satisfactory. 

EXPERIMENTAL 

De-ionised water and reagent-grade chemicals, except for sodium trimetaphosphate, were used. 
Commercial sodium t~metaohosnhate (Victor Chemical Works) was r~~s~~~’ and analvsed bv 
the method of Peters.8 The‘anafysis indicated that 96.0, 1.2, 1:4 and l*@A of the total pho~phor”~ 
were present as trimeta-, ortho-, pyre- and t~phosphate, respectively. 

Preparation o~phosp~te~~asse~. This has been described in a previous paper.” 

Al1 pH measurements were made with a Beckman pH meter, model G, to which a glass electrode 
and a fibre-type calomel electrode were attached. 

Low linear polymers were removed from solutions of fresh phosphate glasses by anion-exchange 
chromatography. The phosphate glasses had degrees of polymerisation of about 4. The fraction 
containing the linear phosphates from the tetramer to about the hentamer was isolated and diluted 
witb wat& so that the resulting concentration of potassium chloride was 0*4&f. Two-lnmdred ml 
of the solution were delivered into a 250-ml volumetric flask. A known quantity of a solution of 
sodium t~ime~~hosphate was added. The solution was diluted to the mark and a B-ml aliauot was 
taken. Total phosphorus in the solution was determined from this aliquot. A 200-ml aliquot was 
removed, its pH was adjusted to 7-O i 0.1 with @lM sodium hydroxide solution, and the solution 
was transferred to another 250-ml volumetric flask. The phosphates were precipitated by a slow 
addition of 40 ml of 15M barium chloride which was at a pH of 7.0 f 0.1. The solution was diluted 
to the mark and allowed to digest for 15 min. It was filtered throueh a fritted-class funnel of fine 
porosity, and a S-ml aliquot &as taken for the determination of un~r~ipitat~~cyciic) phosphate. 

Total and unprecipitated phosphorus were determined by a spectrophotometric method,’ 
Ten ml of 0*4M potassium chloride were added to the unprecipitated fractions before they were 
heated. The inside surface of the vessels, which are heated during the colour-develoument. should 
be extremely clean and smooth, otherwise a precipitate is noted d&ring this step. ’ ’ 

Acknowledgment--The authors thank the Atomic Energy Commission for the financiai support 
of this work. 

Zusammenfassung-Eine Methode zur Bestimmung von Trimeta- 
phosphat in Gegenwart linearer Oligonhosphate oberhalb des Trimeren 
wurdk entwickeit. Es wird gezeigt, dab O&o-, Pyre- und Triphosphat 
durch Barium unvollstiindie eelfallt werden, woaeeen hiihere olieomere 
lineare Phosphate quanti%v gelf%lt w&de;. “Diese wurd& aus 
Phosphat~schun~n durch ~ionenaustauschchromato~aphie iso- 
liert, mit bekannten Mengen cyclischem Phosphate gemischt und mit 
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Barium gefflt. Ein mittlerer Fehler von +0,8 und eine Standard- 
abweichung von &3 Mikromol Phosphor als cyclisches Ion wurden 
ftir Mischungen mit 0 bis 203 Mikromol Phosphor als Trimetaphosphat 
neben 0 bis 81 Mikromol Phosphor als lineare Polymere gefunden. 
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TITRIMETRIC DETERMINATION OF QUINOL 

U. A. TH. BRINKMAN and H. A. M. SNELDERS 
Chemical Laboratory, Free University, Amsterdam, The Netherlands 

(Received 13 September 1963. Accepted 18 September 1963) 

Summary-A critical review is presented of the literature on the 
titrimetric determination of quinol. For the standardisation of pure 
quinol solutions the cerimetric titration procedure can be recom- 
mended, but in the presence of various organic contaminants vanadate, 
hexacyanoferrate(II1) plus zinc and dichromate are the best titrants. 

INTRODUCTION 

IN the literature many publications have appeared concerning the titrimetric deter- 
mination of quinol (hydroquinone). The principle of these methods lies in the 
possibility to oxidise quinol quantitatively to quinone according to the equation: 

OH 0 

4 = b +2H++2e. 

I II 
OH 0 

The reason for the many different oxidimetric determinations is undoubtedly the fact 
that many of the impurities which can be present in quinol, e.g., phenolic compounds, 
are oxidised partly or quantitatively by most of the common oxidimetric titrants. 
Accurate results for the analysis of low purity mixtures of quinol are therefore a 
priori impossible. It must be stated, moreover, that many of the titration procedures 
recorded in the literature are not very easy to carry out. 

The use of quinol as a reductimetric titrant has increased of late, especially since 
the work of Z$ka and coworkers l12. Advantages connected with the use of quinol are 
that it can easily be obtained analytically pure, it is relatively inexpensive and, 
especially, its solutions in a weakly acidic medium (cu. 0.01 N sulphuric acid) show a 
constant titre for periods of up to 8 weeks; in contrast with the solutions of nearly all 
other reductimetric titrants, solutions of quinol are hardly subject to air oxidation.3 

In view of these facts it seems useful to present a critical literature survey of the 
titrimetric determination of quinol. The survey has been arranged according to the 
various titrants which have been used. 

The oldest known titrimetric determination of quinol originates from Valeurs and 
has been adopted in a sometimes more or less altered form by many authors;%s.‘-9 
independently, Gardner and HodgsonlO reported an analogous method. 

The great difficulty of the iodometric determination lies in correctly adjusting the 
pH of the solution to be titrated. In order to obtain quantitative reaction the pH 
must be at least 6;4 at pH 8-9 (bicarbonate), however, one must take into account the 
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air oxidation of quinol, the velocity of this oxidation being proportional to the square 
of the hydroxyl ion concentration in the solution.11~12 Moreover, quinone may 
undergo disproportionation reactions in an alkaline medium, giving rise to the 
formation of coloured products and therefore a less sharp end-point; an extra 
consumption of iodine may also occur.12J3 

The procedure which involves back-titration of excess iodine has the disadvantage 
of possible oxidation of thiosulphate to sulphate because of the excess iodine present 
in the alkaline solution : 

I, + 20H- + 01- + I- + H,O. 

It is therefore recommended to use only a small excess of iodine and to use arsenite 

instead of the more usual thiosulphate. 
When carrying out a direct titration it is not possible to use carbon tetrachloride or 

chloroform as indicator, because the quinone formed during the titration dissolves in 
the organic layer and forms a compound with iodine. According to Kolthoff* a 
direct titration is possible using a potentiometric end-point. 

A serious drawback of the iodometric determination of quinol lies in the fact that 
many organic compounds are partly or wholly oxidised under the same conditions. 

Potassium dichromate 

The use of potassium dichromate for quinol determination has been recommended 
by Kolthoff,* who employed a redox indicator (diphenylamine) as well as potentio- 
metric end-point detection. According to Kolthoff it is not possible to carry out the 
titration at room temperature. The solution must be warmed to 40-60” and even then 

the titration must be carried out slowly towards the end or over-titration will occur. 
This statement of Kolthoff has been corroborated by other investigators,l* but it does 
not correspond with the conclusions of Casolari,9 who carried out the titration at 
room temperature long before Kolthoff. In this connection it is remarkable that the 

Czech investigators,3 who use quinol as a reductimetric titrant, standardise it according 
to Kolthoff, although it must be concluded from the procedures given that they work 
at room temperature! From experiments carried out by Brinkman and Snelders,r5 it 
follows that warming the solution has not much influence on the velocity with which 
the titration can be carried out and that, moreover, the results are practically the same. 

According to Kolthoff the quinone formed during the titration poisons the 
platinum electrode in the potentiometric determination. In more recent investigations 

on cerimetric titrations in non-aqueous solvents (see below) Prabhakar Rao and 
Murthy16 have had somewhat analogous experiences, but on the other hand, Furman 
and Wallace8 contradict Kolthoff’s statements for cerimetric titrations. In our 
potentiometric determinations15 no indication of quinone poisoning was ever found. 
Instead of diphenylamine, N-phenylanthranilic acid has been recommended as an 
indicator for the direct titration with dichromate,l’ as well as the chemiluminescence 

indicator siloxene.18 
Although the titration mentioned above is time-consuming and tedious (50”, slow 

titration), the use of dichromate is advantageous because it is an easily obtainable 
high-quality primary standard. A recent investigatorI* has, therefore, proposed an 
indirect titration in which an excess of ammonium iron”’ sulphate is added to the 
solution in a weakly acidic medium; after reduction of iron”’ to iron” the equivalent 
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amount of iron” formed is titrated with dichromate using barium diphenylamines 
sulphonate as indicator. In this titration, of course, iron”’ is the real oxidant, but for 
the sake of simplicity the method has been included under the heading of potassium 
dichromate. 

As regards the dichromate titrations it can be stated that phenol and cresols do not 
interfere, whereas they do interfere in the iodometric titrations. Compounds like 
oxalic acid, citric acid, lactic acid and glycerol, which are normally not attacked by 
dichromate are, however, partly oxidised in the presence of quinol as inductor.li 

Bromine water 

Rosenthaler1s~20 has recommended the use of an aqueous bromine solution for 
quinol titration; the hydrobromic acid liberated in the reaction can be titrated with a 
base using methyl red as indicator. The oxidation of quinol occurs immediately: 
the excess bromine can be blown out of the solution after some minutes, then the 
hydrobromic acid can be titrated. In the presence of much quinol, which consequently 
means the presence of much quinone in the neighbourhood of the end-point, the 
colour change in the acid-base titration is not very sharp. 

Freshly prepared solutions of bromine water do not contain any free hydrobromic 
acid; nevertheless, it is necessary to correct the values found by the amount of alkali 
consumed by an equivalent amount of bromine water freed from bromine by blowing 
air through it. This corresponds with ca. O-2 ml of O.lM hydroxyl ion/100 ml of 
bromine water. For titration procedures in non-aqueous solvents, see reference 21. 

Potassium bromate 

Bromination with bromate-bromide mixtures in an acid medium yields titration 
procedures for many derivatives of benzene. Depending on the o- p- or m-directing 
influence of the substituents, in many instances di- or tribromo-substitution products 
are formed. In some instances, however, the reaction proceeds in a different way. 
With dihydroxy- and diaminobenzenes the m-compounds are brominated in the 
normal way yielding a tribromo product, but the o- andp-isomers do not take up any 
bromine. The two strongly o-p-directing groups present in the quinol molecule do not 
allow m-substitution. 

Using the procedure given by Francis and Hi1l,22 in which an excess of bromate- 
bromide is added to the acidified solution, after which potassium iodide is added, 
whereupon the iodine liberated is titrated with thiosulphate, no difficulties arise 
because of the temporary oxidation of quinol to quinone. Although this oxidation 
occurs initially, after the addition of potassium iodide the reaction : 

OH 0 
I II 

1% + _ 21- + + 2H+ 

I 
OH 

proceeds quantitatively to the left. 
Kolthoff,4 who titrated quinol with bromate-bromide using a direct potentio- 

metric procedure so that quinol was really oxidised to quinone, found in contra- 
diction with the authors mentioned above, that at the equivalence-point free bromine 
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reacts with the quinone present to form an addition or substitution product, so that 
sharp end-points were not possible. 

Brinkman and Snelders15 have found that in a titration of quinol with bromate- 
bromide at room temperature some bromination does indeed occur. This not only 
means a direct titration is difficult to carry out, but also that a titration of other 
benzene derivatives in the presence of quinol is subject to significant errors. When the 
titration is carried out, however, at about 0” there is very little bromination; although 
the results are not very accurate, they give a good indication of the ratio quinol/ 
impurity, especially when this ratio is not too extreme. 

Extensive investigations concerning the cerimetric titration of quinol have been 
carried out by Furman and Wallace. a According to these authors, the rapid and 
direct cerimetric titration that can be carried out in about 1N sulphuric acid is in 
many respects superior to the titrations with iodine or dichromate. In potentiometric 
determinations there is not the slightest indication of quinone poisoning of the 
platinum electrodes. Methyl red is not a very suitable indicator, but the use of 
ferroi’n, diphenylamine or diphenylamine sulphonic acid is completely satisfactory. 
Recently, the iron”-2,2’-dipyridyl 23 complex has been used as an indicator in a 
cerimetric titration. Other indicators mentioned in the literature are e.g., brucine,“@ 
siloxene,ls copper phthalocyanine tetras~phonic acid* and such triphenylmethane 
dyes as erioglaucine A, eriogreen B and xykne cyan01 FF.27 Resorcinol and catechol 

Iv are oxidised by cerium farther than the quinone stage, although oxalic acid is not 
oxidised at all. Attention is called to the fact that both Copala Rao and coworkers2* 
and Brinkman and Snelders15 have found results 0*3-O*5°/0 too low in cerimetric 
determinations of pure quinol solutions. 

Cerimetric titrations have also been carried out in non-aqueous solvents,ie using 
ammonium nitratocerate(IV) as oxidant and acetonitrile as solvent. To obtain a 
reproducible and fast adjustment of the potential it is necessary to add glacial acetic 
acid to the solvent. The potentiometric determinationss*2s can only be carried out 
when ceriumlv is titrated with quinol. In the reverse case quinol exhibits a curious 
behaviour in contact with the platinum indicator electrode; the results are much too 
low and, moreover, not reproducible. There is no satisfactory explanation of this fact. 

The titrations in non-aqueous solvents can also be carried out with visual end- 
point determination, using ferrofn, diphenylamine, Janus Green or methyl red as 
indicator. Ferroi‘n and diphenylamine are reversible redox indicators under the 
conditions; with diphenylamine and methyl red the results are about OG’% high. 

An indirect titration of quinol with cerium’” sulphate has been described by 
Singh and Singh,30T31 who back-titrate the excess ceriumIv sulphate with the iron”- 
EDTA complex using ferroi’n as indicator. 

As far as has been investigated, potassium permanganate is the only oxidant that 
oxidises quinol further than quinone, the end-products in this case being carbon 
dioxide and water. Under the most favourable circumstances, viz. an alkaline medium 
and excess of permanganate, the time-consuming oxidation takes place almost 
quantitatively,32 but many phenolic and other organic compounds are over 90% 
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oxidised under the same conditions. This very unselective titration can therefore 
hardly be recommended. 

Hypobromite 

Generally speaking, titrations with hypobromite are not very suitable because this 
titrant is not very stable for any length of time; moreover, the results are nearly 
always high because of the conversion of hypobromite into bromate. A procedure 
recommended by Kolthoff and StengeP consists in the use of a calcium hypochlorite 
solution in a weakly alkaline medium, which is added to the solution to be titrated 
after the addition of potassium bromide. The oxidant hypobromite is generated in 
situ. In most instances, however, not only oxidation but also bromination occurs, e.g., 
with phenol, oxine and aniline. This hypobromite titration is therefore only suitable 
in isolated cases, one of these being with quinol. 34 Under favourable conditions 
(passing of carbon dioxide) the results are not more than 0.2% high. Without 
carbon dioxide the error increases to about 1%. Most probably this oxidation is 
brought about by a partial bromination of quinone. It has been proved that the error 
is not caused by air oxidation. 

Sodium metavanadate 

Cerium’” sulphate oxidises phenol, cresols and analogous compounds to coloured 
substances insoluble in concentrated sulphuric acid. Therefore Gopala Rao and 
coworkers28 have investigated the use of vanadate as an oxidant for quinol. It appears 
that vanadate does not oxidise the above-mentioned phenols nor catechol, although it 
does attack resorcinol. 

According to Gopala Rao the quinol concentration of the solution to be titrated 
must be below 0.01 M (0.02N) and the total acid concentration must be at least l*ON in 
order to ensure a sharp end-point. A large quantity of oxalic acid is necessary as a 
catalyst. The results of the titration are 0*2-0*3% low. Diphenylbenzidine and 
N-phenylanthranilic acid are used as indicators.mls 

Hexacyanoferrate(II1) 

In the literature a potentiometric titration of hexacyanoferrate(II1) with quinol in 
50% sulphuric acid has been described, which can also be carried out with visual 
end-point detection. 36 Brinkman and Snelders15 found that this titration can be 
carried out in the reverse direction, giving good results for quinol itself and for 
quinol in mixtures with oxalic acid. In the presence of, for example, phenol, catechol 
or resorcinol, the colour of the acid solution darkens considerably, however, thereby 
making titration impossible. Good results are obtained according to these authors,15t37 
when a large excess of hexacyanoferrate(II1) is added to an acid quinol solution, 
whereupon the hexacyanoferrate(I1) formed is titrated with a standard solution 
of zinc using diphenylamine as indicator. The titration can also be carried out 
potentiometrically, giving results that are about 0.5% high, but it can be used in 
the presence of oxalic acid, phenol, citric acid and tartaric acid; resorcinol and 
catechol must be absent, however. 

Miscellaneous 

In the literature titration procedures are also recorded for quinol with chloramine- 
B in a weakly acid medium,38-q0 chloramine-T,” N-bromosuccinimide,42 manganese”’ 
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pyrophosphate,* potassium copper”’ periodate,U iron”’ chloride,45 potassium 
periodate46-4s and iodine monochloride.4g>50 Beranova and HudeEek51 describe a 
titration of quinol with barytes using a differential potentiometric titration technique. 
TomiEek and coworkers21~52 have carried out titrations with various oxidants, e.g., 
bromine, chromic acid, sodium permanganate and lead tetra-acetate in glacial acetic 
acid. They all give good results and the titration with lead tetra-acetate is even used 
for the standardisation of this substance. 

Zusauunenfassung-Es wird einen kritischen Uberblick gegeben von 
den in der Literatur beschriebenen Methoden fiir Quinol Bestimmung. 
Fur die Bestimmung von reinen Quinol Losungen wird die cetimetri- 
sche Titration empfohlen, aber bei Anwesenheit von organischen 
Venmreinigungen sind Vanadat, Ferrizyanid mit Zink und Dichromat 
am besten geeignet. 

R&un&--On presente un resume critique de la litterature concernant 
les mCthodes titrimetriques pour determination d’hydroquinone. Pour 
le dosage des solutions pures d’hydroquinone, le titrage cerimetrique 
est recommande; en cas de presence d’impuretes organiques au 
contraire, vanadate, ferricyanure avec zinc et dichromate sont les 
meilleurs titrants. 
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SHORT COMMUNICATIONS 

The determination of thiourea using chloramine-T 

(Received 18 August 1963. Accepted 14 October 1963) 

METHODS are available for the determination of thiourea by oxidation with hypoioditei and hypo- 
bromite2 reagents. Eight equivalents of the oxidant are utilised for each mole of thiourea. In the 
present study, chloramine-T and sodium hypochlorite were examined as oxidants and a procedure 
evolved for the determination of thiourea using chloramine-T, which takes less time than the other 
hypohalite methods. Earlier work on the oxidation of thiourea with chloramine-T relates to acid 
media, in which the authors*-5 have claimed quantitative results. However, our results indicate that 
the oxidation in acid medium is unreliable and unsuited for quantitative work. 

Reagents 
EXPERIMENTAL 

Thiourea solutions of desired molarity (M/50-M/80) were prepared from dried, recrystallised 
solid and the strengths were checked by the hypoiodite method. 

Chloramine-T was purified, dissolved in water (approx. O.lN solution) and the solution was 
standardised by the method of Bishop and Jennings6 

Sodium hypochkkte solution (approx. 0-W) was prepared from chlorine and sodium hydroxide,’ 
and its strength was determined iodometrically. 

The other chemicals used were of standard purity. 
The extent of reaction between thiourea and chloramine-T, thiourea and sodium hypochlorite, 

ammonia and chloramine-T, and urea and chloramine-T was studied under different conditions and 
order of addition of reagents. The mixtures of known amounts of reagents were set aside for the 

TABLE I.-OXIDATION OF THIOUREA(T) BY CHLORAMINE-T(CAT) 

Total volume = 100 ml 

Order of T taken, 
mixing mM 
reagents (I) 

-._____ ___- 
T-CAT 0.1250 

0.1250 
01875 
0.2750 
0.2750 

T-NaOH-CAT * 0.1250 
0.1250 
O-2750 

T-HCl-CAT * * 0.1250 
0.1250 
0.2500 
0.2500 
0.2500 

T-HCI-CAT-NaOH* * * 0.2500 
0.2500 
0.2500 

- 

Duration of 
keeping re- 

CAT taken, agent mixt., 
CAT used up, 

mecluiv 
mequiv 

_~ 

2.520 
2.520 
2.520 
2.520 
2.520 
2.520 
2.520 
2520 
3.124 
3.124 
2.520 
2.520 
2.520 
2.520 
2.520 
2.520 

min 

2 
15 
2 
2 

15 
2 

15 
2 

15 
60 
15 
30 
60 
15 
30 
60 

(Iii) III/I 

0.9987 7.989 
0.9994 7.997 
1.504 8.021 
2.201 8.005 
2.204 8.015 
1.002 8.015 
0.9984 7.987 
2.198 7.993 
0.8634 6906 
1.063 8.504 
1.557 6.229 
1.706 6824 
1.872 7.488 
1.943 7.772 
1.940 7.760 
1.941 7.764 

* NaOH = 10 ml of 1Msoln. 
** HCl = 10 ml of 1M soln. 

* * * HCl = 10 ml of 1 M soln., and 20 ml of 1 M NaOH were added immediately after addition of CAT. 
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requisite periods of time, potassium iodide was added (and only then was added sufficient excess of 
acid if the main reaction was being carried out in neutral or alkaline medium) and the liberated iodine 
was determinedwith thiosulphate. The difference between the amount of chloramine-Tor hypochlorite 
taken and the remaining excess, found iodometrically, gave the amount of oxidant used up in the main 
reaction. 

In Table I are recorded typical results obtained for the thiourea-chloramine-T (T-CAT) system. 
The results indicate that exactly 8 equivalents of oxidant are consumed by 1 mole of thiourea when 
neutral or alkaline conditions prevail during the addition of chloramine-T to thiourea. The reaction 
is completed, in contrast with the other hypohalite methods, almost immediately after the reagents are 
mixed. The presence of free acid during the reaction, however, causes erratic results, the number of 
equivalents of chloramine-T used up being less than 8 when it is taken in small excess and more than 
8 when it is taken in considerable excess over the thiourea. The titre of chloramine-T becomes less 
with time in acid medium, and corrections were made accordingly, using blank experiments run under 
identical conditions. Later addition of excess alkali to a T-HCl-CAT system does not yield good 
results. Invariably, a slight amount of the oxidant seems to be lost by side reactions in acid medium. 

The oxidation of thiourea by chloramine-T in neutral or alkaline medium may proceed as follows: 

NH$SNH, + 6H,O + 2NH,+ + CO, + SO,*- + 8H+ + 8e 

(NH,, HCO,, C0,2- may also be present depending on the pH of solution); OY 

(1) 

NH&SNH, + lOOH- + NH,CONH, + S0,2- + 5H,O + 8e (2) 

The oxidation of ammonium chloride and of urea with chloramine-T was studied in order to as- 
certain the particular course of oxidation of thiourea. The results are recorded in Table II. This 
indicates that oxidation of NH,+ occurs rapidly in neutral medium and sluggishly in acid medium. 
At pH 10 and above, the ammonia (and NH&+) is not oxidized by chloramine-T. Urea is not oxidised 
in either alkaline or neutral medium; the NH,+ produced on very slow hydrolysis of urea in acid 

TABLE II.-EXTENT OF REACTION OF CHLORAMINF.-T(CAT) WTH UREA(U) AND NH&l(A) 
Total volume = 100 ml 

Unreacted 
Order of Duration of excess of 
mixing U taken, A taken, CAT taken, keeping the CAT found, 

reagents i?lM T?lM mequiv mixt., min mequiv 
_______ ____----__ ---- 

U-CAT 0.5000 2.520 30 2.520 
20.00 2.520 30 2.518 

U-NaOH-CAT * 0.5000 2.520 30 2.518 
20.00 2.520 30 2.523 

U-HCI-CATt 0.5000 2.520 30 2.504 
20.00 2.520 30 2.507 

A-CAT 0.5000 2.520 1 2.498 
0.5000 2.520 60 0.463 

20.00 3.870 60 0.686 
A-NaHCO,-CAT 0~5000 2.520 60 2.514 

(1 g.) 
A-NaOH-CAT * 0.5000 2.520 60 2.517 

20.00 2.520 1 2.519 
20.00 2.520 60 2.517 

A-HCI-CAT? 05000 2.520 60 2.423 
20.00 2.520 2 2.442 
20.00 2.520 60 1.802 

* NaOH added = 30 ml of 1M soln. 
t HCl added = 10 ml of 1M soln. 

medium during 30 min consumes a low amount of chloramine-T. However, it was observed that 
hydrolysis of urea under similar conditions, for a keeping period of 10 min or less, was negligible, and 
no loss in the titre of chloramine-T occurred. The results indicate that thiourea is oxidised by chlora- 
mine-T according to the reaction (2), and that for the quantitative evaluation of thiourea in the 
presence of ammonium salts it is imperative that the oxidation be carried out in alkaline medium. 
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Attempts to utilise the reaction between ammonium ion and chorlamine-T for the determination of 
ammonium did not yield promising results. 

The oxidation of thiourea by hypochlorite was found to be very rapid and to proceed even beyond 
the stage of 8 equivalents in neutral and alkaline media. The presence of excess of potassium bromide 
slowed down the reaction appreciably, as expected, since the hypochlorite is converted to the hypo- 
bromite, but the reaction was of little analytical interest. 

Procedure for determination of thiourea 

To a solution containing 0.143 mmole of thiourea, add sufficient alkali to raise the pH to 
about 10. Add a known excess (a ml) of chloramine-T solution. After about 2 min, add 15 ml of 
20% potassium iodide solution, acidify the solution with dilute hydrochloric acid, and titrate the 
liberated iodine with zN thiosulphate (V ml.) Carry out a blank with a ml of chloramine-T (E V, ml 
of thiosulphate). The amount of thiourea in the sample is equal to (V, - V).z/8 mmole. Urea does 
not interfere, and large amounts of ammonium salts are tolerated. 
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Summary-Chloramine-T oxidises thiourea quantitatively to urea and 
sulphate ion in neutral and alkaline media. The oxidation is completed 
within 2 min, even with a very small excess of the oxidant. Urea and 
ammonium ion do not interfere if the oxidation is carried out in an 
alkaline medium. 

Zusannnenfassung-Chloramin-T oxydiert Thiohamstoff in neutralen 
und alkalischen Medien quantitative zu Harnstoff und Sulfat. Die 
Oxydation ist in 2 Minuten beendet, selbst bei sehr geringem Uber- 
schul3 von Oxydationsmittel. Hamstoff und Ammoniumionen stijren 
nicht, wenn die Oxydation in alkalischem Medium ausgeftihrt wird. 
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Titration of anthranilic acid with electrolytically generated bromine: 

Application to coulometric determination of copper 

(Received 23 September 1963. Accepted 23 October 1963) 

ALTHOUGH the coulometric titration of inorganic substances has been rather extensively investigated 
in recent years, Isa the application of coulometric titrimetry to the determination of organic substances 
has been somewhat limited. A discussion of the application of coulometric titrimetry to organic 
substances has been given by Lingane,s DeFord4 and Bard .s The use of electrolytically generated 
bromine to oxidise thiodiglycol to thiodiglycol sulphoxidea and isonicotinic acid hydrazide to 
isonicotinic acid’ are illustrations of oxididative reactions involving this reagent. Substitution 
bromination reactions for oletins* and 8-quinolinoP have been investigated. Aniline has been 
brominated by a back-titration technique in which the excess electrolytically generated bromine was 
titrated with electrolytically generated copper’ .I0 A study of the feasibility of titrating fifteen organic 
compounds of possible analytical significance by electrolytically generated bromine was undertaken 
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in order to delineate the stoichiometry involved in colorimetrie methods for bromine, and also to 
circumvent gravimetric methods in the determination of small amounts of metal ions when organic 
precipitants are employed. This paper reports the results of the investigation involving anthranilic 
acid (o-aminobenzoic acid).” 

Reagents 
EXPERIMENTAL 

Double-distilled water was used throughout the investigation. 
Electrolyte solution. Dissolve 11.9 g of reagent-grade potassium bromide in 370 ml of distilled 

water and dilute to 500 ml with 95 % ethanol. This solution is 0.2M in potassium bromide and 25 % 
by volume ethanol. 

A~t~ra~j~jc acid. Anthranilic acid (Eastman, technica grade) was recrystallised three times from 
ethanol-water solutions. Only the first crop of crystals was used in each successive r~sta~isation. 
The melting point was 145-1455” (uncorrected). 

Standard anfhrunilic acid solution. Dissolve 10 mg of the recrystallised material in 27 ml of 95 % 
ethanol and dilute with distilled water to 100 ml in a volumetric flask. One ml of this solution contains 
0.1 mg of anthranilic acid. 

Precipr’tant solution. Dissolve 1 .O g of recrystallised anthranilic acid in 50 ml of water containing 
0.3 g of sodium hydroxide. Adjust the pH of this solution to 5-6 with dilute hydrochloric acid and 
dilute to 100 ml with distilled water. 

Standard copperu solution. Dissolve 0.5 g of reagent-grade copper sulphate pentahydrate in 1 
litre of distilled water. Standardise gravimetrically by precipitating copper anthranilate. 

Apparatus 

A Leeds and Northrup coulometric analyser was used as the constant current source and timing 
mechanism. Constant current outputs of 623, 6.43 or 0643 mA are available with this apparatus. 
The cell contained a platinum generating anode and a platinum counter electrode which was protected 
from the solution by a glass sleeve which made electrical contact through a fritted disc. A Beckman 
micro calomel electrode served as the reference electrode while a rotating platinum electrode was used 
as the indicator electrode. The micro electrode was driven at 1800 rpm by a Sargent synchronous 
stirrer. A Sargent Ampot was used for the amperometric measurements. 

General procedures 

The platinum micro electrode and generator electrodes were pretreated by the procedure described 
by Kolthoff and Tanaka. I2 The electrodes were immersed in concentrated nitric acid for IO-15 set, 
washed with distilled water, immersed in a solution of O~OlMiron” sulphate and O~OSMsulphuric acid 
for 5 min, then again rinsed with distilled water. The sleeve containing the cathode was filled with 
0-2&f potassium bromide solution. 

The desired volume of sample or standard solution was pipetted into the cell and the electrolyte 
solution, which had been adiusted to the desired pH, added. The electrodes were inserted and the 
magnetic stirrer and synchro;ous stirrer motor for-rotating the platinum micro electrode was started. 
A notential of 250 mV W. S.C.E. was annlied to the micro electrode. After 10-I 5 min the indicator 
&rent reached a constant value and the’titration was started using a generating current of 6.43 mA. 
The generating current was interrupted periodically in order to obtain current readings of the indicator 
electrode. Several readings were taken before and after the equivalence point, the exact equivalence 
point being determined graphically. 

In determining copper the following procedure was followed: Transfer the desired volume of 
copper? solution to a 100-m] beaker and adjust to pH 4. Heat the solution to boiling and add I y< 
anthranilic acid reagent until a ten-fold excess is present. Maintain the soiution just below boiling 
point for 5 min, then allow to cool for S-10 min. Collect the precipitate on a filter stick, rinse re- 
peatedly with small volumes of OOOS”/, anthranilic acid solution and finally twice with a few ml of 
distilled water. Dissolve the precipitate in 4 ml of 2M hydrochloric acid,*drain through the filter 
stick into the suction flask and transfer to a 25-ml volumetric flask. Dilute to volume with distilled 
water and mix thoroughly. Transfer 5 ml of this solution to the coulometric cell for bromination and 
follow the previously described procedure. 

RESULTS 

Preliminary investigation showed that anthranilic acid reacted fairly rapidly with bromine to 
give tribromoaniline.*s Ultraviolet absorption spectra confirmed the absence of a carboxylic group 
in the product. The effect of acidity on the rate and extent of bromination was investigated. The rate 
becomes slow in both very acidic and basic solutions. Quantitative bromination takes place in the 
pH range 1 to 6 with the optimum rate occurring at a pH of about 4. 
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When titrations were performed in strictly aqueous solution the results were found to be about 
1% low, possibly because of some incompletely brominated product precipitating. When a 2540% 
ethanolic solution was used, however, the stoichiometry was in accord with the calculated values. 

When a generator current of 64.3 rnA was used, the bromine was generated much faster than it 
was consumed by the anthranilic acid. A lower rate of 0643 mA was also tried and found to be 
acceptable although a much longer time was required for the titration. Using the 6.43~mA current 
output, 0.1-2.0 mg of anthranilic acid can be titrated within 25 min. The coulometric method is 
sensitive to about 0.1 mg of anthranilic acid. 

Some results of determining copper by precipitating copper anthranilate, dissolving the precipitate 
and titrating the liberated anthranilic acid with electrolytically generated bromine are given in Table I. 

TABLE I. ESTIMATE OF ACCURACY AND PRECISION IN DETERMINA~ON OF COPPER 

Copper taken, No. of Copper found, 

?? determinations q? 

0.099 3 0019 
0494 4 0.487 
0.988 3 0.994 
1.976 12 1.998 

Relative Relative 
standard dev., % error, ‘A 

11 -81 
1.9 -1.4 
0.26 $0.6 
0.65 +1.1 

When less than 0.5 mg of copper” is present in about 50 ml of solution the solubility losses are too 
significant for quantitative results. The determination of larger amounts of copper (> 2 mg) is not 
practical because of the time required for the bromination process. Other metals whose ions form 
precipitates with anthranilic acid should be determinable by this proposed coulometric titration 
method.14 
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Summary-Anthranilic acid when brominated by electrolytically 
generated bromine requires 3 moles of bromine per mole. Ampero- 
metric detection of the equivalence point is utilised. Small amounts of 
copper (0.5-2 mg) can be determined by precipitating copper anthrani- 
late, dissolving the precipitate and titrating the liberated anthranilic 
acid with electrolytically generated bromine. 

Zusammenfassnng-Bromiert man Anthranilsaure mit elektrolytisch 
erzeugtem Brom, so. verbraucht sie 3 Mole Brom pro Mol, was durch 
amperometrische Aquivalenzpunktsbestimmung festgestellt wurde. 
Kleine Mengen Kupfer (0,5-2 mg) kijnnen durch Fiillung als Kupfer- 
anthranilat, L&en des Niederschlags und Titration der Anthranilslure 
mit elektrolytisch erzeugtem Brom bestimmt werden. 

R&u&-La bromuration de l’acide anthranilique par le brome 
get&e Clectrolytiquement n&essite 3 moles de broke par mole. On a 
utilisC la detection amoBromCtriaue du noint d’&mivalence. De 
petites quantites de cuivie (0,5-2 ig> peuvent Btre do&es par pr&cipi- 
tation a l’etat d’anthranilate de cuivre, dissolution du precipite, et 
titrage de l’equivalent d’acide anthranilique au moyen de brome 
g&i&e Clectrolytiquement. 
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A simple separation of large quantities of 84ydroxyquinoline 

from trace gallium 

(Received 11 October 1963. Accepted 23 October 1963) 

DURING an investigation of the precipitation of gallium with &acetoxyquinoline, a method was 
required for the determination of the unprecipitated gallium (<0.2 mg) in each filtrate (ca. 300 ml). 
The presence of the very large excess of I-hydroxyquinoline (ca. 0.9 g) seriously interfered with the 
three methods attempted, viz. polarography, or extraction of the gallium I-hydroxyquinolate 
followed by a spectrophotometric or fluorimetric measurement. 

It was therefore necessary to remove almost completely the I-hydroxyquinoline without loss of 
gallium. Because of the volatility of gallium compounds, evaporation to dryness and subsequent 
ignition of the residue was considered unsuitable. 
nitric acid mixture1 resulted in “. . . 

Wet ashing of 8-hydroxyquinoline with a perchloric- 

noise.” 
rapid clearing at end of period; beaker caught fire with hissing 

Berg* has sublimed ammonium 8-hydroxyquinolate. 
The simplest procedure seemed to be steam volatilisation .3 Although Wegner4 has used this 

technique to separate 8-hydroxyquinoline from other organic materials, it has not previously been 
used to separate the compound from aqueous metal-ion solutions. 

When a filtrate (pH ca. 4.0) was slowly evaporated in a 400-ml beaker on a steam bath, most of the 
8-hydroxyquinoline was removed, except occasionally some colourless needles crystallised on the 
upper pa-fis of the vessel. Two repetitions with 30-56 ml of water completely eli&nated the com- 
Dound, as was evidenced bv the absence of its characteristic snectral Desk’ at 3.180 A in a chloroform 
kxtract of the residue in tGe beaker. 

I I 

Furthermore, in four experiments with 0.1-0.8 mg of gallium in the presence of 0.9 g of I-hydroxy- 
quinoline, a gallium recovery of >97% was experienced. It was also established that most of the 
gallium in the residue was in the form of its water-insoluble I-hydroxyquinolate. 

Acknowledgment-The authors wish to acknowledge the partial support of the United States Atomic 
Energy Commission under Contract AT(ll-l)-582. 
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Summary-A simple method for the removal of large amounts of 
8-hydroxyquinoline from aqueous solutions containing traces of 
gallium has been devised. It involves steam volatilisation of the 
organic compound, and gives >97% recovery of gallium as a non- 
volatile residue. 

Zusammenfassung-Eine einfache Methode zur EntfernunE grol3er 
Mengen I-Hydroxychinolin aus wtirigen LGsungen mit‘- spuren 
Gallium wurde entwickelt. Es handelt sich urn Dampfdestillation der 
organischen Verbindung, wobei mehr als 97% Gallium als nicht- 
fliichtiger Riickstand gewonnen werden. 

R&m&On a trouvt? une m&hode simple pour 6liminer de grandes 
quantites de 8-hydroxyquinol&ne de solutions aqueuses wntenant des 
traces de gallium. Elle wmprend un entralnement B la vapeur du 
compos& organique, et permet de r&up&er plus de 97 % du gallium B 
l’&at de r&.idu non volatil. 
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LETTER TO THE EDITOR 

SIR, 

The reaction of copperI and copper1 with I-mercaptoquinoline 

Mercapto compounds are usually considered sufficiently strong reductants to reduce Cut1 to Cu*. 
The assumption that this is true with all mercapto compounds &n lead to erroneous conclusions. 
For examule. Bankovskis and coworkers I>2 found that the reaction of both CutI and Cur with 8- 
mercapto-‘quinoline led to the formation of the same dark brown complex having a ligand : metal 
ratio of 2: 1. They proposed the following reaction scheme: 

6C,H,N--SH + 2Cur’ -+ C,H,NS-SNH,C, + 2Cu’(C,H,NS)(C,H,NS) + 4H+ (1) 

and concluded that the complex involves 4-co-ordinate Cut in which one l&and is bonded in the 
anionic form and the other ligand as the neutral thione tautomer. This reaction scheme correctly 
describes the stoichiometry of the copper complex as well as the number of protons released per metal 
ion on complex formation. 

In the course of an investigation of the metal chelate stabilities of S-mercaptoquinolineg we have 
carried out potentiometric titrations of 8-mercaptoquinoline both in the absence and presence of Cutr 
and have found that the amount of base consumed at the end-point corresponding to the neutrali- 
sation of the mercapto group is unchanged by the presence of Cu II. Because equation (1) predicts that 
only $ of a mole of protons is released for every mole of reagent involved in the reaction, the amount 
of base consumed in the titration must vary with the amount of Cur1 present. Thus, unless the 
postulated copper complex loses protons in exactly the same pH region as the free reagent, the above 
reaction scheme is incorrect. 

In order to investigate the alternative possibility that the complex obtained from the reactions of 
Curt and Cul with I-mercaptoquinoline is Culr(C,H,NS),, the electron spin resonance spectrum of a 
chloroform solution of the complex was examined. The signal obtained was characteristic of a Curt 
complex, and it was possible to account quantitatively for the copper content of the complex as Cutr. 

Therefore a mercapto containing ligand is capable of reacting with a metal in a higher oxidation 
state without reducing it. This probably results from the greater stability of the complex of the metal 
in the higher oxidation state. 

Acknowledgment-The authors are grateful to the U.S. Atomic Energy Commission for financial 
assistance, and to Gordon Tollin for assistance with the E.S.R. measurements. 
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EDITOR’S FOREWORD 

THE Editorial Board and Publishers of TALANTA take 
pleasure in honouring the seventieth year of 

IZAAK MAURITS KOLTHOFP 

by presenting this special issue, which is comprised 
entirely of invited contributions from his former students 
and associates. 
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IZAAK MAURITS KOLTHOFF 

JAMES J. LINGANE 
Deparhxnt of Chermstry, Harvard University, Cambridge 38, Mass., U.S.A. 

IZMK MAURITS KOLTHOFF, son of Moses and Rosetta (Wysenbeck) Kolthoff, was 
born on February 11, 1894, in Ahnelo, Holland. 

In 1911, after graduation from Hoogereburger School, young Kolthoff’s interest 
in chemistry already had been aroused, and the next logical step would have been 
graduate study of chemistry in a university. However, although he was fluent in 
English, French and German, in addition to his native Dutch, Kolthoff was barred 
from academic work in the “pure” physical sciences because he lacked the knowledge 
of Latin and Greek which at that time was a pre-requisite. As an alternative he 
enrolled in the chemical engineering curriculum at the University of Del& but only a 
fortnight’s stay convinced him that his real interest was elsewhere. Accordingly, he 
transferred to the school of pharmacy at the University of Utrecht. Here he came 
under the tutelage of Professor Nicholas Schoorl who guided hi into his true 
vocation in analytical chemistry. 

In retrospect, it might be said that one of the most important circumstances that 
has shaped the development of analytical chemistry over the past fifty years was 
Kolthoff’s failure to acquire a knowledge of Latin and Greek during his high school 
days! If he had done so he probably would have gone on in the usual way to a uni- 
versity course in the “pure” physical sciences, he would not have come under the 
influence of Professor Schoorl, and, more than likely, analytical chemistry of our 
time would have been deprived of one of its most influential architects. 

Kolthotf’s tlrst diploma at Utrecht was that of “Pharmacist”, but the six-year 
curriculum on which it was based actually provided an education in chemistry as good 
as any available at that time. Indeed, the education in analytical chemistry offered by 
Profmr Schoorl would have been hard to match anywhere, because Schoorl 
employed the approach (then rare) of emphasising the fundamental science under- 
lying analytical chemistry and also had the gift of being able to incukate in his students 
an appreciation for the equally important factual aspects of the subject. !Schoorl% 
motto “Theory guides; experiment decides.” has been the cardinal guiding principle 
of KolthotI’s scientific life. 

In 1918, following an enlightened change in Dutch academic laws pert&ring to 
the role of the classical languages in science education, Kolthoff was awarded the 
Ph.D. degree in chemistry from Utrecht for a thesis entitled Fwsthmenti of Zd- 
merry. This was not his first piece of original scientific investigation; actually, he 
had published his first research paper in 1915, and by 1918 it had been joined by 32 
more papers all on subjects different from his Ph.D. thesis. His Ph.D. thesis itself 
certainly was not “thin”, when one considers tIie.series of nineteen papers on iodo_ 
metric methods based on it which he published during 1919 and 1920. Ail this by the 
age of 26! 

Dr. Kolthoff served as Conservator of the Pharmaceutical Institute at the Univer- 
sity of Utrecht from 19 17 to 1927, and concurrently as privat docent in applied 

67 



68 Jm J. hNGANt3 

elec~~hemIst~ from 1924 to 1927. Apparently a prrvat docent at that time was one 
who worked very hard in a universtty as teacher and investigator without being 
distracted by a salary ! That this arrangement was well suited to Kolthoff’s love of 
original investigation is evident from the fact that during this brief ten-year period he 
published 270 more research papers and wrote three books. 

By 1927 not merely the amazing volume of his publi~tions, but rather their 
high degree of originality and importance in analytical chemistry, had earned for Dr. 
Kolthoff an international reputation and he was invited on a lecture tour to Canada 
and the United States. Following this tour he accepted the position of Professor and 
Chief of the Division of Analytical Chemistry at the University of Minnesota. 
During the next 35 years, under his in%ence, the University of Minnesota became 
renowned as a leading research centre in analytical chemistry. In June 1962 Professor 
Kolthoff “retired”, but for him this word is meaningless and his contributions to 
analytical chemistry continue unabated. 

Kolthoff began his scientific life at the time when analytical chemistry was just 
emerging from its age of empiricism, and when applications of the principles of 
physical chemistry to analytical problems were appreciated only vaguely, and even 
vaguely by only a few. When he took his first course in quantitative analysts in 1913, 
S. P. L. Sorensen’s definition of pH was only four years old, and even Arrhenius’ 
theory of electrolytic dissociation was still a novel idea. Kolthoff began to demon- 
strate how these then new principles of solution physical chemistry could be applied 
to interpret, rationalise, and improve titrimetric analytical methods. 

His earliest studies were in the field of acid-base titrimetry, and, beginning about 
1914, he instituted a series of investigator of the dissociation equilibria of various 
weak acids and bases, the functional mechanism and characteristtcs of acid-base 
indicators, the use of indicators and indicator test-papers for pH measurement, and 
the properties of standard buffer solutions. He not only carried out studies in thus 
field which were truly fundamental, but he also applied the knowledge thus gained to 
the development of many practical procedures. This combination of fun~men~l 
theory and practical application has been a characteristic of all his work ever since. 
These studies led to the publication in 1922 of his first monograph Der Gebrauch von 
Farbenindicutoren. That this book satisfied a real need is shown by the fact that it 
went through four editions between 1922 and 1932, and was translated into English by 
N. Howell Furman in 1926. In 1932 in collaboration with Harry Fischgold it was 
revised as S&w-Basen Indicatoren, and in 1937, with the assistance of Charles 
Rosenblum, it was again revised as Acid-Base Indicators. 

Electrometric methods of analysis owe much of their development to Kolthoff, 
who appreciated their ~tenti~ties and began to exploit them when they were still 
virtually unknown to most analytical chemists. Starting about 1918 he carried out 
many studies of the application of electrolytic conductance to end-point detection in 
titrations, and these culminated in the appearance of his second monograph, 
Ko~to~et~~che T~trat~onen, in 1923. This book was one of the first to systematise 
the theory and applications of the conductometric method. It also illustrates another 
of KolthofY’s characteristic traits, namely, that whenever he devotes himself to a 
particular subject a good monograph soon appears! 

Another subject pioneered by Kolthoff was the field of potentiometric measure- 
ments and titrations. In connection with his inv~gations of protol~ic equihbria 
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and pH measurements he published many papers on the hydrogen, quinhydrone, 
antimony and other pH electrodes. Characteristically, these were particularly 
valuable because they emphasised the limitations and sources of error of the then 
relatively new potentiometric method of pH measurement. Kolthoff’s approach to 
analytical problems via fundamental theory proved especially fruitful in his many 
studies of potentiometric equivalence-point detection in precipitation, complexation 
and redox titrations. In 1926, in collaboration with N. Howell Furman, Kolthoff 
published Potentiometric Titrations, the first monograph on this subject published in 
the United States. A second revised edition appeared in 1931, and even after 30 years 
it is still a most useful source of information on the practical performance of potentio- 
metric titrations and on actual procedures. 

The studies cited above, which engaged Kolthoff’s attention during the period 
from 1915 to about 1926, would have been more than sufficient to satiate the scholarly 
impulses of any ordinary scientist. But during this same decade he had also found 
time to cultivate many other aspects of classical titrimetric analysis, and he re- 
cognised the need for a treatise on titrimetric analysis which would provide a com- 
prehensive treatment of the theory of the subject and a crItica evaluation and de- 
scription of its manifold specific applications. Accordingly in 1927, with H. Menzel, 
he published the first volume of his famous Massanalyse (Die theoretischen Grund- 
lagen der Massanalyse), and a year later this was followed by the second volume 
Die Praxis &r Massanalyse. In 1928 the first American edition under the title 
Volumetric Analysis was made available with the translational assistance of N. 
Howell Furman. Kolthoff did not merely edit this book; he created it by personally 
testing nearly every procedure which It contained. During the period from 1942 to 
1957 a revised edition was published in three volumes with the co-authorship of 
Vernon A. Stenger, George Matsuyama and R. Belcher, and it stands today as the 
most authoritative monograph on its subject. 

Itiuenced by the great Dutch chemist H. R. Kruyt, Kolthoff had early acquired 
an interest in colloidal phenomena and surface chemistry. When he came to Minne- 
sota in 1927 he intensified the investigations on coprecipitation and adsorption by 
precipitates which he had begun in Holland. He directed these studies to such 
analytically important precipitates as those of the Hydrogen Sulphide and Ammonia 
Groups, calcium oxalate, barium sulphate and the silver halides. The results 
obtained have done much to rationalise the practice of gravimetric analysis, and have 
added very significantly to knowledge of the mechanisms involved in the formation 
of micro-crystalline precipitates, and to the behavioural mechanism of adsorption 
indicators. In these studies Kolthoff, in collaboration with Charles Rosenblum, was 
among the pioneers in the use of radioactlve indicators (Th B for Pb). At that time 
(1930) only the natural radioactive isotopes were available, and the activity was 
measured with a gold leaf electroscope. 

During the fall of 1934 Kolthoff’s interest was again attracted to electometric 
analysis, this time to polarographic analysis with the dropping mercury electrode. 
Polarography had been invented about a decade previously by Jaroslav Heyrovskj 
at the Charles University in Prague, and the reader will recall that this discovery was 
rewarded recently by the award of the Nobel Prize in Chemistry to Professor Hey- 
rovskj. Although European analytical chemists had been quick to realise its 
potentialities, polarography was still unknown in the United States in the middle 
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1930%. Approac~ng this subject in characteristic fashion, Kolthoff’s first concern 
was the theoretical basis of the method, and he carried out important studies of the 
various factors which influence the diffusion current, polarographic maxima, and the 
current-potential inter-relationship. At this same time, in collaboration with Herbert 
A. Iattinen, he instituted a series of studies on polarographic (voltammetric) analysis 
with stationary and rotated platinum microelectrodes. He was quick to recognise the 
potential utility of amperometric titration, and he played a major role m bringing 
this method to its present well-developed state. It was quite in character that he 
was not content merely to contribute to polarographic analysis by his own investi- 
gations. Realising the need for correlation and syst~at~tion he pub~shed in 1941, 
with this writer’s assistance, the monograph Pularograapt? This was the first com- 
prehensive and critical treatment of the subject in the English language and it was a 
potent factor in the accelerated development of polarographic analysis which began 
in the early 1940%. A second, much enlarged edition of Poiarography in two volumes 
appeared in 1952, and Profmr Kolthoff currently is busy with the pupation of 
a third edition. 

With the advent of the war in 1942, Kolthoff forsook his academic interests to 
direct a research project for the Office of Rubber Reserve. From pure analytical 
chemistry to synthetic rubber did not entail as drastic a change in KolthofT’s activities 
as might be supposed. The acquisition of detailed knowledge of the kinetics of 
polymerisation reactions in solution was an essential part of this programme, and, 
hecause the experimental study of such kinetics depends primarily on analysis, 
Kolthoff was eminently qualiied for this task. 

After the war Kolthoff again picked up the many irons which he had had to let 
cool by the fire’s edge, although several years passed before the odour of styrene 
finally disappeared from the atmosphere of his laboratory. (As recently as 1957 he 
was still publishing results of his studies of the emulsion polymerisation of styrene.) 
He returned to his studies of polarography and amperometric titrations, and a steady 
stream of ~rnrn~~~o~ from his laboratory continues to enrich this field. 

A complete list of Kolthoff’s research publications up to about the end of 1963 is 
appended (p. 351). This list is restricted to original research papers, and it does not 
include routine writings such as book reviews, etc. No attempt will be made here to 
analyse in detail the amazing volume and variety of these contributions. The reader 
will appreciate that to do so adequately would require a book-length discussion, and 
I leave this task to some future historian of analytical chemistry, It is-quite evident 
that analytical chemistry has never been served by a more original mind, nor a more 
proli& pen, than KolthofI’s. 

Quite recently Professor Kolthoff was able to implement a long-held urge to 
provide practicing analytical chemists with a comprehensive, multi-volume reference 
monograph covering all phases of analytical chemistry. In partnership with Philip 
J. Elving, and with the collaboration of Ernest B. Sandell, several volumes of this 
Treatise on Analytical C/tern&fry have already appeared. 

It is not unison for a sifted research scholar to be indi%erent to educational 
aspects of his field, but here again Professor Kolthoff has been exceptional. Although 
his chief preoccupation has always been the education (not “training”) of graduate 
students, and during all the years at Minnesota he never taught the elementary 
analytnzal course, he has not neglected unde~duate instruction in analytical 
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chemistry. His elementary Textbook of Quantitative Inorganic Analysis, co-authored 
with Ernest B. Sandell, originally published in 1936 and since revised twice, is the 
comparison standard among American texts on this subject. Kolthoff’s classroom 
teaching has been confined to seminars and to an advanced course devoted chiefly to 
electrometric methods of analysis. For use in the latter course he published in 1931 a 
textbook, The Calorimetric and Potentiometric Determination of PH. Outline of 
Electrometric Titrations, and a German translation was prepared the following year 
with the assistance of Oskar Schmitt. In 1941, in collaboration with Herbert A. 
Laitinen, a second revised edition appeared under the title pH and Electra Titrations. 

Kolthoff has been outstanding as a teacher of graduate students; a list of those 
who earned Master’s and Doctor’s degrees under his guidance is anpended. The 
analytical chemistry faculties of a surprisingly large number of American universities 
and colleges (as well as several in other countries) are composed of his former students, 
by their students in turn, and even by a third generation. His laboratory has also 
been a Mecca for many foreign postdoctoral fellows, which has further extended his 
influence in the educational sphere, because most of them returned to academic posts 
in their own countries. 

Professor Kolthoff s deep-rooted concern for freedom of thought and expression, 
and his abhorrence of dogma in any guise, have always underlaid his relationships with 
his students. Each student was made to feel that he was a partner, not just a useful 
pair of hands, and he was given every opportunity to learn to behave as an intellectual 
equal. Kolthoff kept in close contact with each student’s progress by daily, informal 
conferences. On occasion, these sessions with the “Chief’ could be embarrassing, 
because nothing that the student had (or had not!) done ever escaped his incisive 
scrutiny. But a knife cannot be sharpened on butter, and the whetting of the younger 
against the experienced mind was education in its finest sense. Kolthoff never 
exerted the authority of his experience to “silence” a student, but rather the spirit of 
these discussions was always “Not who is right, but what is right”. Small wonder that 
Kolthoff’s students became and remain his enduring friends. 

The intensity with which Kolthoff concentrates on scientific problems, and on his 
other intellectual pursuits, demands periodic release in physical activity, and for many 
years tennis was a favourite means of “letting off steam”. Although his highly 
individualistic style, including ambidextrous use of the racket, may have been more 
bafhing than “polished”, it kept his opponent very busy. He enjoys swimming, 
whether in the bucolic surroundings of a pasture pond on a Minnesota farm, or 
in the North Sea off a Netherlands beach. Horseback riding has been a lifelong 
hobby, and his disdain of anything “lukewarm” applies to his choice of mount. On 
one occasion some years ago the horse won the bout, and the resulting fall produced 
a crippling spinal injury. However, even before he was able to discard crutches, he 
was back in the saddle. 

KolthofI’s extra-professional contributions to analytical chemistry include service 
for many years on the editorial boards of Analytical Chemistry and the Journal of 
the American Chemical Society. He was active in the creation of the Section on 
Analytical Chemistry of the International Union of Pure and Applied Chemistry, and 
he has served as President of that section as well as Vice-President of the Union. 

In addition to ordinary membership in the American Chemical Society, the 
Dutch Chemical Society and the Dutch Pharmaceutical Society, Kolthoff is an 
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honorary member of a number of other scientific societies, including the American 
Pharmaceutical Associatron, the Society for Analytical Chenustry, Phi Lambda 
Upsrlon, the Spanish Chemical Society, the Finnish Chemical Society, the Peruvian 
Chemical Society, the Czechoslovak Chemical Society and the Israeli Chemical 
Society. He is a Fellow of the American Academy of Arts and Sciences, and he has 
the drstinction of being one of the few analytical chemists to achieve election to the 
United States National Academy of Sciences. He is a foreign member of the Royal 
Bohemian Academy of Sciences and Fine Arts, of the Royal Flemish Academy of 
Sciences in Amsterdam, and of the Academy of Sciences in Lisbon. 

In 1938 the Netherlands government knighted Dr. Kolthoff an Officer in the 
Order of Orange-Nassau, and in 1947 he was made a Commander in that Order. 
He holds the Charles Medal of Charles University in Prague. In 1949 the New York 
Sectron of the American Chemical Society conferred on him its Nichols Medal, and 
m 1950 he was the recipient of the Fisher Award in Analytical Chemistry of the 
American Chemical Society. In 1954 he became an Honorary Professor of San 
Marcos University, and m 1955 he was awarded an honorary doctor’s degree by the 
University of Chicago. He received the Anachem Award of the Association of 
Analytical Chemists (Detroit) in 1961. 

Happrly, thus IS only a progress report. May God grant Professor Kolthoff many 
more years of fruttful labour. 
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THE STATUS OF AND TRENDS IN 
ANALYTICAL CHEMISTRY 

I. M. KOLTHOFF 
School of Chemistry, University of M~~csota, Minncapohs 14, Mmn , U.S A. 

THE DEVELOPMENT OF ANALYTICAL CHEMISTRY AS A SCIENCE 

BEFORE a subject becomes a science its development is empirical in nature. Facts must 
be collected before generalisations in the form of laws and interpretations of the facts 
can be made. Before chemistry had reached the stage of a science, the empnical work 
in its early days was mainly analytical in nature. With the spectacular development 
of physical chemistry in the last quarter of the nineteenth century, analytical 
chemistry started to lose its historic lustre because analytical chemists continued to 
practice their subject in an empirical way, without making use of the new laws and 
theories developed by physical chemists. Academically, analytical chemistry became 
discredited. It was the famous German chemist Wilhelm Ostwald who, at the end of 
the last century, established analytical chemistry as a scientrfic discipline. In the 
preface of his stimulating book, Die wissenschaftiichen Grundlagen der analytischen 
Chemie, published in 1894, Ostwald made it clear that analytical chemistry was 
doomed to continue to occupy the subordinate position of a maid-servant for the 
other branches of chemistry unless the analytical chemists would discontinue teaching 
their subject solely as an empirical technique and art which requires skill, and would 
start making use of the experimental developments and theories of physical chemistry. 
Infrequently physical chemists would describe analytical applications of certain 
physico-chemical principles, but analytical chemists in those days lacked the back- 
ground to comprehend their significance. At the end of the last century papers 
describing the principles of voltammetry, of amperometric, potentiometric and 
conductometric titrations already were found in the chemical literature, to be “re- 
discovered” and developed much later, after education in analytical chemistry had 
become scientific in nature. In fact, most of the early scientific fundamentals of 
analytical chemistry and the analytical applications of theoretical chemistry have been 
developed by non-analytical chemists. In addition to the early papers on what is now 
modem electroanalytical chemistry, the development and understanding of acid-base 
indicators may be mentioned. At the very beginning of this century analytical 
chemists empirically knew that weak acids are titrated with a strong base using 
phenolphthalein as an indicator and weak bases with a strong acid uang methyl 
orange as an indicator. It was only after the introduction of the concept of pH and the 
detailed description of its calorimetric and potentiometric determination in 1909 by 
the famous Danish biochemist, S. P. L. Sorensen, that the fundamentals of aqueous 
acid-base titrations could be understood. Nrensen’s paper still belongs to the most 
fundamental publications on the concept and determination of pH with the hydrogen 
electrode and with acid-base indicators, and it is as important now as it was in those 
days. Sorensen also made clear the significance and the meaning of buffer action 
and he developed a set of buffer solutions, covering the entire pH range in aqueous 
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medium. For many years Sorensen’s buffer solutlons have served as standards for the 
colorimetnc determination of pH and several other purposes. Again, analytical 
chemists did not comprehend the stgnificance of Sorensen’s ptoneer work, and it was 
not unttl 1914 when the famous Damshphysicul chemist Ntels Bjerrum published his 
classical monograph, Die Theorle der alkalimetrischen und azidrmetrischen Trtrierungen, 
that a quantitattve Interpretation of actd-base equilibria and titratton errors m 
aqueous medta became available. In the same year the German biochemtst L. 
Michaelis published hts book, Die Wasserstofionenkonzentratlon, and soon thereafter 
a monograph on oxidation and reduction potenttals. This latter book allowed us to 
give a quantitattve interpretation of oxtdation-reduction titrations. It was the well 
known American physical chemist, Joel H. Hddebrand, who published in 1913 his 
important paper on potentiometric tttrattons with the hydrogen electrode.It was not an 
analytical chemist but the American physrological chemtst, W. Mansfield Clark, who 
in 1917 added the sulphophthalems to the series of acid-base indicators. 

It is not surprising that the fundamentals of analytical chemistry m those early 
days were developed by non-analytical chemists. Analytical chemistry was still 
looked down upon as a maid-servant for the other dtsciplines of chemistry, and no 
formal education in analytical chemistry was offered by European universities. All 
students m chemistry had to learn the practtce of gravimetric and titrimetric analysis, 
whtch was offered as a laboratory course under the supervision of a teaching assatant. 
Technical umversmes m Europe and in several American universities had a chair for 
analytical chemtstry, but the subject was taught m a classical way and its aims were 
mainly to provtde instructton m the technique of the analysis of inorganic constttuents 
and of ores, rocks, industrial products, food stuffs, etc. 

It was only after about 1920 that analytical chemistry gradually became established 
as a scientific disctplme of chemistry. With some notable excepttons, most universities 
in the world have chairs now in analytical chemistry, and all students in chemistry 
now receive education both m classtcal analytical chemistry and-after a course in 
physical chemistry-m the principles of physicochemtcal methods of analysis. Those 
students who maJor in analytical chemistry for the Ph.D. are exposed to all aspects of 
modem analytical chemistry, which mcludes the determination and study of such 
properties and quantitatrve characterisation of such systems which aid, and often are 
essential in, the solution of analytical problems, and which guide in the development 
of new analytical methods. “Theory guides and experiment dectdes.” 

Complaints are somettmes heard that there IS overlapping between teaching and 
research in analytical and other fields of chemtstry. Actually, this IS not only an 
unavoidable but rather a desirable situation. A few examples may illustrate this 
claim. Chemical equilibria 1s a subject of importance to inorganic, physical, organic, 
industrial and biochemists. Its prmciples are now taught in beginnmg general chemistry, 
but the significance of this subject m the various specific fields of chemistry is taught in 
courses for students specialismg in these fields. Before scientific analytical chemistry 
was recognised in the academic curriculum, principles of chemical equilibria were 
being taught by physical chemists; such courses did not emphasise their primary 
importance in, and application to, analytical chemistry. Nowadays the subject has 
rightfully become part of the curriculum in modern analytical chemistry. 

Quite generally, m quantitative chemical analysis we make use of properties 
which can be measured. All other chemists are interested in properties, but again, 
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courses m modern analytical chemistry must include instruction in the understanding 
of properties which are important analytically, and laboratory instruction on the 
m~surement of these properties. 

All expenmental scientists must be acquainted with the fundamentals of instrumen- 
tation. In vrew of the fact that an instrument is needed for the measurement of a 
property, the subject of instrumentation is of special Importance to analytical chemistry. 
Instruction in mstrumentation IS now a recognised subject in the analytical curriculum. 

All chemists are concerned with various aspects of separations, a subject completely 
analytical in nature. The Dutch word for chemistry is “Scheikunde,” meaning the 
art and abihty of separating. It originated in the sixteenth century when chemistry 
was mainly analytical tn nature. The present chemical literature is replete with 
papers by organic, inorgantc, analytical, industrial, and biochemists dealing with the 
application of ehromatography, ion-exchange, distillation, extraction and other 
methods of separation in the preparation of pure compounds and the identification 
and determination of constituents. All chemists, including physical chemists, for 
then own purposes are concerned with an understanding of the factors which deter- 
mine the degree of completeness of separations. Would it not be desirable that the 
theoretical and experimental princtples of separatron-a subject which rs analytical 
chemistry par wcellence- be taught to all chemists by analytical chemists? The late 
Professor Ehrenfest once said that everything which is understood in chemistry is 
phystcs. Considerrng the various disciplines of chemistry it is fair to state that the 
theoretrcal fundamen~ls of analytical, inorganic and organic chemrstry are physrco- 
chemical in nature. But for obvious reasons we need chemists with a major interest tn. 
analytical chemistry to teach analytical chemistry, just as we need inorganic chemists 
to teach inorganic and organic chemists to teach organic chemistry. 

THE STATUS OF MODERN ANALYTICAL CHEMISTRY 

It seems fair to state that analytical chemistry started to develop as a science 
towards the end of the first quarter of this century. Analytrcal chemists became 
fully conscious of the fact that for the further growth and expansion of analytical 
chemistry they had to remain up to date with the discoveries and new theories by 
other classes of chemists and of physicists, and had to consider their significance for 
and applicability to analytical chemistry. In the last quarter of a century a host of 
new nuclear, subatomic, atomic and molecular properties have been discovered, most 
of which already find analytical applications. Radioactive methods, especially 
activation analysis in trace analysis, are becoming more and more popular. Nuclear 
techniques have been introduced for analytical purposes. For example, a new 
instrument has been made available commercially for the rapid and continuous 
measurement of moisture in bulk materials, based on the reflection of two different 
kinds of nuclear radiation. X-ray spectroscopy and fluorescence, microwave spectro- 
photometry, ion-scattering methods, mass spectroscopy and nuclear and electronic 
magnetic resonance are some of the modem developments which find analytical use. 
Most of these new techniques originate with physical chemists or physicists, but 
analytical chemists play an important part in their further development. Numerous 
symposia organised jointly by physical and analytical chemists are indicative of the 
role which analytical chemists play in the development of these new techniques. 

These advances in techniques are being made possible, not only by new discoveries 
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and theories, but also by the phenomenal progress of instrumentation. This progress 
has its impact both on the development of techmques based on new discoveries, and 
also on the development of techniques based on the measurement of a host of classical 
properties. Many of these properties were known and measured more than a century 
ago. However, their application to analytical chemistry remained hmited, mainly for 
the reasons that a thorough knowledge and understanding of the instruments was 
neGes582y, and the measurements themselves were very time-consuming. Modern 
instrumentation has changed all this and has even provided us with a host of auto- 
matically indicating instruments. 

A few examples may illustrate how modem instrumentation has made possible 
daily measurement of classical properties and their much expanded use in analytical 
chemistry. Some twenty-five years ago many of us strained our eyes with a Duboscq 
or another visual calorimeter, or with a polarimeter or refractometer. Accurate 
spectrophotometers were available as far as calorimetry was concerned, but they were 
not suitable for routine work. Nowadays modern spectrophotometers for measure- 
ments in ultraviolet, visible and infrared light, and also self-recordmg instruments, are 
found in all modernly equipped analytical laboratories. Similarly, the analytical 
application of emission spectroscopy probably dates back to Fraunhofer, who in 1817 
combined a slit, a glass prism and a theodolite. This same scientist may be considered 
the father of atomic absorption (Fraunhofer lines). Bunsen is usually credited as the 
chemist who introduced spectroscopy in analytical chemistry when he wrote with 
Kirchhof his classical paper in 1860 entitled Chemische Analyse durch Spktral- 
beobachtung. Much later the spectrograph was developed, but did not acquire 
popularity until 1939 when excellent optical instruments were produced which allow 
comparison of spectra with a microphotometer that can be coupled to a recorder- 
the latter in turn automatically recording the intensity of a whole series of lines. 

Quite generally, recorders are now being used in analytical chemistry for automatic 
registration. Classical photometric, potentiometric, coulometric, conductometric, 
amperometric, turbidimetric and thermometric titrations are now being carried out 
with automatic end-point determination. Principles of coulometry, including stripping 
analysis, and coulometric titrations were laid down more than a hundred years ago in 
Faraday’s second law, but their practice has become popular only after the develop 
ment of convenient instruments. 

Most modem methods of separation are classical in nature. The first evidence of 
the use of paper chromatography as a separation technique is found in the dye industry 
of the 1800’s. Dyes were tested by spotting vat solutions on paper and observing the 
number of concentric rings formed as the liquid migrated. The German dye chemist, 
F. Runge, developed this technique and described the results in two books, Forben- 
chemie (1850) and Der Bildungstrieb der Stop, the latter being prefaced by actual 
chromatograms developed by Runge. 

Schanbein, around 1860, showed that if a paper is dipped into an inorganic salt 
solution the liquid migrating through the paper carries the salt with it. However, the 
water moves faster than the inorganic salts, which travel with dllTerent rates. F. 
Goppelsr&der developed the method further for the detection and determination of 
inorganic and organic constituents, and called the technique capillary analysis. This 
technique is closer to adsorption than to partition chromatography. Columnar 
chromatography was discovered in 1897 by the American, J. T. Day, who used it for 
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fractionating petroleum by preferential adsorption on columns of Fuller’s earth. 
Ion-exchange chromatography is classical in nature, and has been made use of in soil 
studies since the middle of the last century. Liquid-liquid extraction was used already 
in the 19th century as a method of separation. All these methods of separation have 
been greatly perfected in the last 25 years,and new techniques,likepartition chromatog- 
raphy (Martin and Synge, 1941) and gas chromatography (James and Martin, 1952) 
have been added. In spite of the great popularity of all these methods of separation, 
and the great number of papers on the subject in contemporary chemical literature, 
many phases of these techniques are still incompletely understood. 

It is hardly necessary to mention that modern analytical chemistry is still actively 
engaged in the further development of classical analytical principles. Organic 
reagents for the detection and determination of inorganic constituents had already 
been introduced in the 19th century. Many analytical chemists have been searching 
since for organic reagents with such functional groups that they become selective 
and/or specific for any given cation. That goal probably never will be reached 
because, considering the structure of the ions, it would seem impossible that there is a 
reagent which is truly specific for one particular ion and the reaction of which is not 
interfered with by some other element. However, the ideal goal may be approached 
with the aid of masking reagents and modem methods of separation. There is already 
a considerable literature on the use of ethylenediaminetetra-acetate (EDTA) and 
similar compounds for masking purposes. Frequently, reports on the discovery of 
known reagents, or the introduction of known compounds as reagents for use in 
various types of methods of chemical analysis, are found in the modem literature. 
Some of these reagents may have been known for years but had not been tested for 
their analytical usefulness. With our increasing knowledge and understanding of 
chemical bonding, of steric hindrance and of co-ordination iu particular, it is now often 
possible to predict which groups may have desirable properties for particular analytical 
purposes, for example, for complexation. Although EDTA and related compounds 
had been known for some time, it is only as a result of the pioneer work of Gerold 
Schwarxenbach that they are now in daily use in complexometric titrations and for 
masking purposes. A large chapter has been added to analytical chemistry after the 
introduction of these reagents. 

RESEARCH IN ANALYTICAL CHEMISTRY 

Academic and industrial analytical research deals with the theoretical and experi- 
mental development of classical and modem techniques, including micro and sub- 
micro techniques, the interpretation and improvement of existing methods of analysis, 
the development of new methods of analysis to replace existing ones, and the assay and 
evaluation of new industrial products. 

As. far as research dealing with theoretical fundamentals is concerned, there 
naturally is again overlapping with some phases of research carried out by physical, 
inorganic and organic chemists. As a matter of fact, in the last quarter of a century 
there has been a definite shift of the activities of classical physical chemistry to 
analytical chemistry. In the beginning of this century the determination of the 
dissociation constants of acids and bases by potentiometric, conductometric and 
calorimetric methods, the determination of distribution equilibria, of solubility 
products, of the stability constants of complexes, of oxidation-reduction equilibria, of 
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electrode potentials, etc., belonged to the activities of the physical chemists. Now- 
adays thrs type of information is obtained mamly by analytical and Inorganic chemists. 
A great many phases of electrochemistry have become the domain of the analytical 
chemist. In order to interpret and further develop empirical methods of analysis it IS 
essential that the physical chemistry mvolved m the behaviour of the components of 
the systems under consideration be fully understood. For example, acid-base 
titrations in non-aqueous media have experienced wide analytical apphcation after 
the pubhcation of the fundamental papers by Conant et al. on the behaviour of 
bases m pure acetic acid. Titrations of acids and of bases m a host of other 
solvents have been described since. However, although the results can be understood 
qualitatively, much work on acid-base equilibria remams to be done to arrive at a 
quantitative understanding. The same is true for many phases of extraction analysis 
as far as a quantitative interpretation of distribution equilibria is concerned. Electro- 
analytical methods in non-aqueous media, including fused salts, require much 
fundamental research before they can be fully developed. A host of problems in all 
kmds of solvents demands much fundamental research before they are completely 
understood and the results can be applied to further improvement of analytical 
methods. 

Consider, for example, our understanding of the formatton and growth of pre- 
cipitates, of coprecipitation and aging. In spite of the numerous publications dealmg 
with these subjects, a quantitative understandmg of the factors determining or 
affecting the size of the particles of a precipitate and of coprecipitation is still lacking. 
This is also true with regard to an understandmg of the value of the drstribution 
coefficient (or constant), 1, in the formation of heterogeneous mixed crystals. Theo- 
retically, 2. should be equal to the thermodynamically defined homogeneous distributton 
coefficient, D. But even under conditions of kinetrcally controlled precipitation, a 
term which I prefer to “precipitation from homogeneous solution,” iz can be much 
greater or much smaller than D, even though in many systems studied, especially by 
L. Gordon, 1 is found to be sensibly constant during the precrpitation. Apparently, 
supersaturation dunng the growth of crystallme particles is mainly responsible for the 
difference between D and ;Z (J. A. Hermann, 1956). In unpublished work we have 
found that 1 closely approaches D in the kinetically controlled formation of mixed 
crystals of barium and lead sulphate, with barium sulphate as the host crystal, when 
the system is seeded with a relatively large amount of small and well aged crystals of 
barium sulphate. These crystals serve to overcome to a large extent the supersatura- 
tion during the formation of mixed crystals. 

In the development of new chelating agents, including metal ion indicators, the 
modern investigator is actively interested in the nature of reactive groups and the 
structure of chelates. In order to predict and interpret complexometric titration 
curves he must have data on stability constants and quantitative knowledge of the 
effect of pH and other constituents on equilibria. In addition, knowledge of the 
kinetics of formation of the dissociation of metal chelates, of the chromatographic 
(Ion exchange) and other characteristics of metal chelates, are essential in the further 
development of the application of complexation in analytical chemistry. Research on 
ion exchange, chromatography, solvent extraction, electrodialysis and migration, 
again, is being carried out not only by analytical chemists but also by physical, 
inorganic, organic, industrial and biochemists. This overlapping of research activities 
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IS a fortunate situation, because all disciplines of chcmlstry profit* from each other’s 
contributions, and together we can fill up the gaps in our understanding of the 
fundamentals of chemistry, It would be deplorable if the scope of research in analytical 
chemistry were limited to the more typically classical topics, 

ACADEMIC AND INDUSTRIAL ANALYTICAL CHEMISTRY 
From what has been said in previous sections we may define academic analytical 

chemistry as the science concerned with the study and interpretation of all aspects of 
existing methods of analysis and the development of new methods of analysis. This 
definition apparently has neither the sympathy nor the approval of industrial analyti- 
cal chemists. In his thought-provoking Fisher Award Address, H. A. Liebhafskyl 
refers to a definition of analytical chemistry which I stated twelve years ago? “The 
aims and objectives of analytical chemistry are to determine the com~sition of any 
complex compound or mixture of compounds.” Generously Liebhafsky adds: 
“From a university point of view of twelve years ago, this is an excellent definition,” 
I would like to maintain that academically the definition is as valid now as it was a 
century ago. Liebhafsky then refers to R. C. Chtrnside’s interesting address3 entitled 
The Enlargement of Horizons in Analytical Chemistry, in which Chimside quotes 
E. B. Hughes as having defined our discipline to be “the examination of a material to 
ascertain its composition, its properties, its quahttes.” Liebhafsky finds this definition 
too restrictive and sees “modern analytical chemistry as the characterisatron and 
control of materials-no more, and certainly no less.” Liebhafsky further makes the 
statement (p. 26A) : “Analytical chemistry has lost prestige as a research activity and 
has not yet gained prestige commensurate with its great and growing importance as a 
service in industry.” (Italics mine). I would infer from this statement that Liebhafsky 
expresses himself on the role of analytical chemistry and the use of analytical chemistry 
in industry. His views are in close sympathy with those of Chimside, another recog- 
nised analyticai-chemical leader in industry, who states : “ . . . he would be a brave man 
who would today attempt a proper definition of analytical chemistry or chemical 
analysis, or indeed a description of the analyst himself.” 

If it is admitted that the classical definition of analytical chemistry has remained 
unchanged but that the aims and objectives for which the analytical chemist is used in 
industry have changed and are continuing to change, the question arises whether our 
education of majors with an advanced degree in anal~i~l chemistry satisfies the 
needs of industry. If the present education of our majors for the Ph.D. in analytical 
chemistry does not provide adequate background for the industrial analytical chemists, 
our institutions of higher learning might consider the introduction of a new minor in 
“materials ch~acterisation and control” for our majors in analytical chemists. 
As far as the loss of prestige as a research actrvity is concerned, I would like to claim 
that particularly during the last twenty-five years analytical chemistry has gained 
great prestige as a research activity, thanks to fundamental contributions by both 
academic and industrial analytical chemists. To a large extent the empi~cism has 
gone out of analytical chemistry. 

RECENT AND FUTURE TRENDS IN ANALYTICAL CHEMISTRY 
Educarfon in chem&ry 

In this era of spectacular advances in the natural sciences, and in chemistry in 
particular, each discipline of chemistry must periodically reappraise and modify its 
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curriculum in order to keep it up to date wrth the developments. Durmg the last few 
years we have witnessed and are still witnessing such a reappraisal and modernisatron 
of courses, especially in the U.S.A. In order not to extend the number of years 
required now for earnmg a bachelor’s or an advanced degree, all disciplines must curtail 
their “classical” programmes so that justice can be done to the teaching of modern 
developments. Reluctantly, analytical chemists internationally agree that the scope of 
theclassical programme in gravimetric and titrimetrc analysis, and in particular the 
laboratory work, must be curtailed, in order to include the theoretical and experi- 
mental fundamentals of physicochemical methods of analysis in the curriculum of all 
students in chemistry. With further scientific developments periodic modernisation of 
courses will remain necessary. 

However, training in elementary gravimetric and titrimetric analysis should remain 
a requirement in the curriculum for all chemists, as these subjects have not outlived 
their usefulness. In experimental research in all fields of chemistry these methods find 
frequent apphcation, e.g., in testing for purity of and assaying reagents, and in 
following the course and rate of reactions. Moreover, gravimetric and titrimetric 
analysis are stall indispensable in the accurate determination of major constituents in 
many types of samples. Also, in several physicochemical methods standards are 
necessary whose composition is often determined by classical analysis, while some 
“instrumental methods” also involve classical methods, like gravimetry in activation 
analysis. 

As far as majors for the Ph.D. in analytical chemistry are concerned, it is still 
desirable to include the essentials of classical analytical chemistry and it is possible to 
cover the essentials of modem analytical chemistry in the curriculum. Considering 
however, the almost frightening expansion of the literature, the appearance of a host 
of new journals in special&d fields of analytical chemistry, it will become necessary to 
add more specialists to the teaching staff. Even so, the education should remain 
fundamental in nature, and should provide such background that the Ph.D. can 
later become a specialist in particular fields. Many of us know by experience that 
education does not stop at the Ph.D. level. A recent Ph.D. is a novice in the field who 
has such knowledge and understanding of all aspects of analytical chemistry that it 
serves him to develop into a creative academic or industrial analytical chemist. 
Only those of our graduate students who exhibit great ability and creativity in 
research-and their percentage is rather small-should be encouraged to work for the 
doctor’s degree. Society has a great need for advanced technicians who might be 
encouraged to earn a new degree of “Chem.D.‘* (chemical doctor). 

Future trends in mralyticcll chemirtry 

The Dutch have a saying: “In the past lies t re present, and in the present what is 
going to be.” Considering the past and preset development of analytical chemistry 
it is possible to forecast future trends without ecoming speculative. In this era of 
concentration on the natural sciences, discoveries of new properties, especially in the 
field of radiation, will continue to be made. Modem instrumentation will quickly 
provide the instruments with which these properties can be measured and recorded. 
Thus, we will experience a further expansion of “physical analysis.” This, combined 
with continued automation of new and classical methods of analysis may create 
social problems. However, for the development of scientific analytical chemistry the 
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further perfection of instrumentation is most welcome, because the results of measure- 
ments wilI become more readily available and 1~loty! time and effort can be devoted to 
the solution of unsolved problems. 

More and more use will be made of computers in the solutton of several analytical 
problems. In titrations involving complicated equilibria exact equations can be 
derived for the calculation of the titration error and titration curves, for example, in 
many complexation reactions or acid-base equilibria and titrations in solvents of low 
dielectric constant. Such equations may be so involved that they require computers for 
their exact solution. The same is true in the analysis of complex organic mixtures by 
measuring a host of physical properties, or in the further development of “kinetic” 
analysis based on different rates of reaction of various constituents, or the deter- 
mination of particle size and particle size distribution by light scattering and other 
methods. 

In the previous sections a few examples of the application of chemical reactivity 
have been given. Several methods based on reactivity are awaiting further develop 
ment; others have hardly been explored yet. The search for more selective reagents, 
including complex-formers, particularly those with mixed ligands, and for metal ion 
indicators is not nearly finished. In organic analysis, research continues on specific 
reagents for functional groups, and on making more analytical use of the kinetics of 
formation of compounds obtained by reaction of functional groups with suitable 
reagents, and of the kinetics of the dissociation of these reaction products into the 
original reactants. Further studies on the expansion of oxidation-reduction analysis 
to solutions in solvents much more di5cult to oxidise and/or reduce than water, 
remain to be done. 

Our quantitative knowledge’of the fundamentals of the titration of Lewis acids 
with bases is still extremely incomplete. The formation constant of the “neutralisation 
product” AB formed by reaction of the Lewis acid A with a base B, its ionic disso- 
ciation constant, its molecular dissociation constant, and the association constants of 
the ionic dissociation products of AB with AB in a variety of solvents, should be 
known before a successful interpretation and exhaustive development of thermo- 
metric, conductometric, potentiometric (search for indicator electrodes), ampero- 
metric, coulometric and visual titrations of Lewis acids (including many inorganic 
ions or compounds) with bases can be made. 

For further development of extraction analysis, much more research remains to be 
done on formation constants of ion pairs, of ion triplets and quadruplets in solvents 
used for extraction, and on the effects of pH and of structural characteristics of the 
cations and anions on distribution and extraction coefficients. 

Little work has been done on reactivity at very high and at very low temperatures, 
on the use of various radiations to bring about chemical reactions, on the quantitative 
measurement for analytical purposes of the energy involved in breaking chemical 
bonds. 

Organic, inorganic and industrial chemists continue to make available a host of 
new organic and inorganic compounds. In consequence, analytical chemists are 
being called upon continuously to devise methods of analysis for these compounds. 
In addition, analytical chemists are interested in the possible use as reagents of the 
new products, like organo-metallic compounds. Continuously industry is producing 
new complex products, like inorganic and organic polymers, and semiconductors, 
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whtch demand the development of analytical methods for their characterisation and 
evaluation, and the solution of analytical problems during the production process. 
Semiconductors are an examplepur excellence to illustrate the increasing demand for 
the development of new methods for trace analysis, and for the preparation of 
substances of extremely high degree of purity. Modern btochemistry requires the 
further development of sub-micro techniques of analysis. 

The above review of present and future activities in analytical chemistry is sketchy 
m nature. In an essay of thts kind it is not possible to present etther an exhaustive or 
complete discussion of these activities. However, the examples given substanttate the 
thesis that analytical chemistry will continue to flourish as one of the scientific 
disciplines of chemistry as long as there are unsolved chemical problems and the 
chemistry remains in chemistry. 
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Summary-The incremental method of derlvatlve polarography has 
been applied to the low-level analysts of uramum m acetate-buffered 
EDTA electrolyte. Optimum condmons are shown for the rap&d 
determination of 2 x 10-6M uramum m the presence of O*OlM bismuth 
and of 5 x lo-*A4 uranium m the presence of 0 OlM molybdenum, 
wrth a prec!slon 52% and WIthout prior separatton Uranium m 
amounts 5tOpg may be detected m a lo’-fold excess of bismuth. 
The method has been used successfully for the analysts of a hsmuth 
alloy contammg 0 1% of uramum. 

URANYL ion is one of the few electroactlve species which are only weakly complexed 
by ethylen~iaminetetra-a~tate (EDTA) and related chelating agents. This fact 
has prompted P&b11 and Blasek,’ in the course of systematic studjes, to investigate 
the polarography of uranium in an EDTA-containing medium; procedures were 
reported for determining uranium in the presence of several elements whose half-wave 
potentials are markedly displa&d towards negative values by virtue of chelation with 
EDTA. Davis% has made a more fundamental study of the uranyl-EDTA system. 
ConventIonal techniques were used in these earlier investigations and the various 
elements were present at comparable levels. Derivative polarography, on the other 
hand, with its enhanced sensitivity and resolving power, has proved ideally sulted for 
the determination of minor constituents in the presence of a less easily reduced 
major constituent. It was felt, therefore, that derivative polarography m solutions 
containing EDTA could be made the basis of a simple and rapid analytical method 
for micro amounts of uranium in a variety of matnces, wlthout prior separation, 
It is shown in the present paper that the incremental polarograph3 may be used to 
determine less than 5 x 10-8M uranium in the presence of @OlM b*uth or 
molybdenum, with a precision s 52%. This appIication is typical of the analytical 
problems created by developments in nuclear technology. 

EXPERIMENTAL 
Appma!uS 

The incremental polaropph has been described m detail,’ and shown to provide an urallent 
novel approach to derivative polarography. The present work was camed out usmg a modified 
version, which includes transistomed operatlonal amphfiem (Phdbrick P2) of exceptionally low 
inherent notse level and a timing section of greatly improved precision and vetsatthty. The current 
amplifier provides sensitivities rangmg from 0 25 to SO ,uA full-scale, and the current diffmnats 
stored in the memory capacitor can be amphfied by factors ranging from 10 to 500. The modified 
iwtrument also incorporates optional chctntry for introit-~~ntia1 poiarography,4 involving the 
use of a threeelectrode system. 

* This work was performed under the auspices of the U.S Atomic Energy Commission. 
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In the present work, unless otherwlse specttied, the current was sampled durmg the period from 
3 0 to 3 6 set after drop fall (drop time ca 5-5 5 set, m = 1 46 mg/sec). The voltage was scanned m 
IO-mV Increments Polarograms were recorded by means of a Leeds and Northrup Speedomax 
recorder (Model G, 0 25-set pen speed), usrng the duplex readout mode, whtch allows stmultaneous 
recordmg of the current amphfier output over the sampling period and of the dtfference amphfier 
output correspondmg to the end of the samplmg perrod. Thts feature IS of Interest because tt allows 
measurements, on the same polarogram of both the peak incremental response (I e , the slope of the 
current-voltage curve at the half-wave potential) and the mstantaneous dtffuston current, at the same 
mstant m the drop hfe, the relattonshtp between these quanttttes IS useful etther as a crlterlon of 
reverstbthty or as a means for determmmg n m reversible systems 

Reagents 

Stock solutions of many1 perchlorate were prepared from U S Bureau of Standards U,O, and 
standardtsed coulometrtcally Btsmuth stock soluttons were obtamed by dtssolving analyttcal 
reagent btsmuth trtoxtde in excess nttrtc actd, and (NH,),Mo,Os, 4HsO served as a source of 
molybdenum. Soluttons of EDTA were standardtsed tttrtmetrtcally aymst standard magnestum 
chlortde Trrple dtsttlled mercury was passed through a mtrtc acid purtficatton column 
before use. 

Because of the necesstty for munmtsmg the level of copper tmpurittes (vrde m/h), the available 
dtsttlled water was purtfied further using a commerctal dtsttllmg-refluxmg unit 

General procedure 

The polarographtc cell consisted of a Jacketed beaker, placed on a triple shock mount and mam- 
tamed at 25” by water from a cuculatmg constant temperature bath. This was preferable to direct 
tmmerston m a water bath because tt was found essenttal to mmimtse sources of electrtcal notse 
The cell was covered with a polyethylene stopper containing approprtate openings. Contact to the 
saturated calomel reference electrode was made through a fine porosity frit The three-electrode 
configuratton, with a platmum sptral counter electrode, was used m most of the work, although rR 
cor’recttons were, as expected, wholly neglrgible at concentrattons less than 2 x 10~‘M. Oxygen was 
removed from the soluttons wrth prepurtfied nitrogen which was bubbled through dtlute vanadtum*t 
perchlorate. 

Inctptent maxtma Interfered with measurements of the peak mcremental response even in 2 x 
lO-*M uranium soluttons; thymol was therefore used at a concentration of 0 001%. which suppressed 
the maxima without producmg dtstortton in the dtffuaton current regron. Use of Tnton X-100 cannot 
be recommended, desptte its masking effect on the mtetfermg copper wave’ (vide mfro), because It 
was found to attenuate the uramum wave markedly as well. 

In order to munmtse mtroductton of impunties, no effort was made to maintain the tonic strength 
constant by adding excess met? salt. The work was performed at ionic strengths vatymg from 0 1 
to about 0.3, and tt was ascertained that thts vartatton had no noticeable effect on the behavtour of 
uranium. All EDTA concentrattons quoted refer to the excess over the stotchtometrtc amount 
required by the metal ton(s) present Potent& are referred to the saturated calomel electrode. 

Uranium alone 
RESULTS AND DISCUSSION 

Some of the tnteresttng aspects of the polarography of uranyl-EDTA complexes 
have been drscussed by Davrs,2 who worked in a self-buffered 0.1M EDTA-1M 
sodium perchlorate supportmg electrolyte. He obtained a single wave, the shape of 
which pomts to a reversible one-electron reduction. His results m a weakly acidic 
medrum, however, led to drffusion current constant values substantrally larger than 
would be expected on this basis, and he also found that massive reduction at a 
mercury pool proceeds by a two-electron step, i.e., to uraniumrv. We have observed 
srmrlar behaviour m a supporting electrolyte consisting of either O-OOlM or O-OlM 
excess EDTA and O-144 acetic acid-O*lM sodium acetate buffer (referred to here- 
after as “0-1M acetate buffer”). In fact, the presence of acetate buffer was found to 
enhance the diffusion current constant still further. This is shown in Table I; the 
drffusron current constants, I, were calculated from instantaneous diffusion 
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currents, id, corresponding to time f (the end of the samphng period), and 

converted to average values 

6 
- ‘d 

I= 
7 

cm2/3p? * 

From an analytical vtewpomt, a medium contamrng O-IM acetate buffer provides an 
appreciable gam over the sensittvity attamable with EDTA alone, and It was used 
throughout most of this work. The half-wave potentials of uramum under these 
condttions are -0.30 V and -0.31 V in 0.01 M and OXlO M excess EDTA, respectively. 
Indications are that the slight negative shift IS caused by competing acetate complex- 
atton at the lower EDTA concentratton. Further work is in progress on the stgmfi- 
cance of these findings. 

The relationship between peak incremental response and concentration was 
found to be linear over a range of uranium concentrations from 5 x lOAM to 
8 x lO+M, the slope being (0.47 rt @Ol) PA/m&f per IO-mV step. Wtthm this 

TABLE I.-POLAROGRAPHY OF UJLWUN IN EDTA-CONTAINING MEDIUM 
(PH = 4 55 f 0 OS; 0 001% OF l?iYMOL PRESENT) 

u x W,M EDTA, M I Remarks 

0 82 001 2 52 0 1 M acetate buffer 
0 82 001 

present 
2 27 O-1 M NaCIO, 

041 01 2 18 
presents 

No addmonal supportmg 
eiectrolyte present* 

l pH adJusted usmg HCI and NaOH 

range, concentrations were determined with a precision of f 1%. Below 5 x lO-@M 
the presence of copper impurities in the water interfered to a degree with the quantt- 
tative determination of uranium, although concentrations as low as 1 x 10-8Mcould 
be detected. Copper forms an EDTA complex which is reversibly reduced to the 
metal;6 thus, copper peaks were observed in the supportmg electrolyte at -0*24 V 
and -0-27 V, respectively, with O*OOlM and O+OlM EDTA. Regular distilled water 
proved entirely inadequate for work below 2 x 10e5M uranium. Even by using 
redistilled water it was impossible to reduce the height of the residual copper peak 
beyond a value about 40% in excess of the base line level (0~0015-0~002 PA per 
lO-mV steps). This corresponds to an estimated decrease in copper concentration 
from 5 x lo_dM to 8 x 10-7M. The limitation introduced by residual copper is 
illustrated in Fig. 1. In 09OlM EDTA, where the half-wave potentials differ by 
O-07 V, an indication of a copper shoulder can be seen on the ascending edge of the 
uranium peak, producing slight asymmet~. In O*OlM EDTA, however, the half-wave 
potentials are separated by only @03 V; here the waves essentially overlap, and 
copper definitely contributes to the uranium peak height. It should be noted that 
the 0.03 V separation in half-wave potentials produces a shift of the observed peak 
from -0.30 V towards -0.27 V as the uranium concentration approaches the 
residual copper level; errors will result under such conditions if the lncremen~l 
response is measured at the composite peak location rather than at the true half-wave 
potential as established at higher concentrations. 
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VOLTAGE SCANNED IN 001 V INCREMENTS STARTING AT -015Q 

INCREASING NEGATIVE POTENTIALS 

FIG 1 -Effect of EDTA Concentratmn on Polarography of Uranium (1 x XI-*M U, 
0 1MCH,COOH4 lMCH,COONa; 0 001% thymol): 

(A) 0 OlMEDTA, (B) 0 OOlM EDTA. 
Current-voltage curve IS recorded below base lme, sunultaneously with Incremental 

curve 

Uranium-b~rnu~~ and uranium-molybdenum-mrxrures 

Fig. 2 shows a polarogram of a solution containmg 1 x 10-4M each of uranium 
and of bismuth in the EDTA electrolyte. The bismuth wave is seen to be composed 
of two separate waves under these condltlons; the same behaviour was observed 
with 1 x lO”M bismuth. It may be noted that, although the bismuth-EDTA 
complex is known to be reduced irreversibly,’ the existence of two nearly overlapping 
waves of this type can only be established by a derivative technique. Neither location 
nor height of the uranium peak, however, were affected by the presence of bismuth, 
and the separation between the uranium half-wave potential and the f&t bismuth 
peak is more than O-2 V. The Irreversible nature of the bismuth wave makes quanti- 
tative calculations difficult, but it IS apparent that large bismuth/uranium ratios can 
be tolerated without causing apprcctable interference with the ura~um peak. Fig. 3 
illustrates the polarographic behaviour of a solution containing 1 x 10-“M uranium 
m the presence of O*OlM bismuth and O.OlM excess EDTA. Excellent resolution is 
achieved between the uranium peak and the ascending edge of the bismuth wave. 
The resolution is slightly less satisfactory with O*OOlM EDTA, where the uranium 
half-wave potential is 0.01 V more negative. No further improvement was noted at 
EDTA concentrations higher than O*OlM in either the presence or absence of acetate 
buffer. 

Curve (A) in Fig. 3 shows the extent of interference of the aforementioned residual 
copper wave. In the presence of 0.01 M bismuth the copper wave was found to behave 
irreversibly; the copper peak was displaced to -0.29 V, i.e., to within O-01 V of the 
uranium peak, and its location became independent of the excess EDTA concentration. 
This observation was not investigated further at this time; however, the effect 
facilitates low-level uramum analysis, as does the relatively flat region beyond the 
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VOLTAGE SCANNED IN 0 01 V INCREMENTS STARTING AT -0 15 V 

INCREASLNG NEGATIVE POTENTIALS 

FIG. 2.-Polarogram of a Uranium-Bismuth Mixture (0 82 x lO+M U, 1 x lO+M BI; 
0 01 M EDTA, 0~1MCH~COOH-O1MCH,COO Na, 0001% thymol) 

VOLTAGE SCANNED IN 0 01 V INCREMENTS STARTING AT - 0 I5 V 
-L 

INCREASING NEGATIVE POTENTIALS 

FIG. 3.-Polarogratn of Uramum m Presence of Excess Bismuth: 
(A) Supportmgelectrolyte: &OlMBi, O*OlMEDTA, 

0 lMCH~OOH-0~1 MCH,COONa, 0 001% thymol 
(8) Same, plus 1 x 10-*&f U. 
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copper peak, caused by the onset of the bismuth wave Thus, 2 x IO-GM uranium 
m O*OiM bismuth could be determmed with a preclsron of j, I%, and i x 10-6M 
uramum (correspondmg to a 25% Increase over the residual copper peak) could 
easily be detected. Lmearlty of the peak Incremental response, to wlthm -&2%, was 
estabhshed over the 2 x 1C6M - 1 x 10”‘M concentration range, the slope was 
found to be ca. 7% lower than m the absence of bismuth 

Molybdenum in the same supportmg electrolyte was found to give two fairly 
well-resolved peaks, between -0.55 V and -0.75 V. This observation basically 
confirms the findings of Pecsok and Sawyer,8 and agatn serves to demonstrate the 
uttlity of the incremental approach in analysIng complex waves. The presence of 
IOp5M molybdenum did not affect either locatton or height of the uranium peak. 
Molybdenum at a concentration of 10w2M, however, caused difficulties because of 
the onset of a drawn out wave at -0.26 V, i.e., 0.04 V more positive than the uranium 
peak. The situation could be improved by increasmg the excess EDTA concentratfon 
to 0.05~ (O*lM acetate buffer), thereby sh]Ftlng the onset of the moIybden~m wave 
to -0.33 V. Under these condltlons 5 x 10”M uranium could be determmed m 
the presence of 10-BM molybdenum with &2% pteclslon, usmg the peak observed 
at -0.31 to -0.32 V; this corresponded to a 50% Increase over the residual response. 
Linearity was established up to 1 x lo-444 uranium, with a slope of 0.42 ~A/rn~, 
i.e., 10% lower than for uranium alone. 

Praciical application 

To test the practical utlhty of the techmque described, uramum was determmed 
in an alloy containing more than 99.8% bamuth. This material has been studied 
extensively as a potential lrquid homogeneous reactor fuel. It also contams 0.035% 
of zircomum, 0*025*h of magnesium and smaller traces of steel corrosion products. 
The following procedure was employed : 

Dissolve a 6 to 8-g sample in excess nttr&z aad Transfer the solutton to a 2OO-ml volumetric 
flask and make up to vohzne. The finaf soiutton should contain co. 1M mtrlc aad to prevent 
hydroiysls of bismuth on standing Transfer a 5 O-ml ahquot to a lOO-ml volumetric flask contammg 
10 ml of 1M acetate buffer. Add enough 1M sodium hydroxtde to neutrahse excess mtrlc actd. Add 
lOm1 of O.lOMEDTA in excess over the amount required (cu. 10ml) to drssolve the precipttate 
formed in the neutrahsatton step. Add 0 5 ml of 0 2% alcohohc thymol soiutlon and dilute to the 
mark The final pH shoufd be 4 6 f 0 I Transfer a portton to the polarographlc ceil, de-aerate and 
obtam the mcremental polarogram. Measure the rncrementai response at -0 30 V es. S.C.E 
Calculate the uramum concentration with the aid of a blank and appropriate uranium standards, 
both contaming the same concentrations of bismuth, EDTA and buffer as the sample. Double or 
tnple dlstdled water should be used for both preparatton of reagents and all other operations. 

Four separate portions of an alloy of this type (kmdly provjded by Dr. J. R. 
Weeks) were analysed by the above procedure, yleldmg 0,096~~ of uranium with an 
average deviation of -&2%. A modified version of the spectrophotometric dtbenzoyl- 
methane methods gave 0*102°/0, with comparable preaslon. It should be noted that 
the spectrophotometric procedure Includes a prehmmary extractlon step. By contrast, 
the present method involves only the most elementary chemical steps; it is therefore 
easily applicable to a highly radioactive material, as would be exemplified by the 
above prospective reactor fuel. 

In conclusion, it is shown that the incremental techmque of derivative polarog- 
raphy can be applied to rapid and precise Iow-level uramum analysis m systems of 
high el~tr~hemi~l complexity, without the need for prtor separations. 
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Zusammenfassung-Die Methode der lnkremente m der Ikrlvatlv- 
polarographte wurde auf dte Bestlmmung gerrnger Uranmengen m 
acetatgepuffertem EDTA-Eiektrolyten angewandt. Dte optunalen 
~dlngungen fur die ~hnelI~timmung von 2 10-‘m Uran neben 
0,Olm Wismut und 5 IO-*m Uran neben 0,Olm Molybdan werden 
angegeben Die Genautgkelt 1st bcsser als 2%, vorhertge Abtrennupg 
nrcht notwendlg Uranmengen unter 10 rg lassen such neben der 
IO’-fachen Menge BI nachwelsen. Die Methode wurde mit Erfolg 
auf dte Analyse emer 0,l % U enthaltenden Wtsmutlegterung 
angewandt 

R&m&--La m&hode B mcrhmcnts de la polarographte d&&e a et6 
applrquCe B Sanalyse de traces d’urantum dans un &ctrolyte constltd 
par de I’EDTA tampon& par de I’adtate. Les condltrons optunalu 
sont mdlqubes pour la dCtermmatlon raplde d’urantum 2 . lo-’ M en 
pr&ence de bismuth 0,Ol M et d’uranium 5. lo-” M en pr&ence de 
molybdbne 0,Ol M avec une pr&ston ~2% et sans stparatton p& 
alable. L’uranrum en quantit6 tnf&ieure ou &gale ii lO,ug peut brc 
d&e& dans un exc&s de 10’ de bismuth La m&ode a Ct& utdtsbe 
aver de bons r&ultats dans le cas de l’analyse d’un aihage de bismuth 
contenant 0, I o$ &uranium 
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Smnmwy-In acctonrtnk as solvent, the stronger nitrogen basea, B, 
form 1:l and also higher hydrogen-bonded complexes wtth their 
conjugate acids, BW. Formanon constants for these compkxea 
have been determmed by glass&ctrode measurements m bufTer 
solutions conststmg of a constant concentranon of the peTchlorate or 
ptcrate of the base and varymg concentrattons of free base. The 
results show that the degree of complexatron mcreases with mcreasmg 
strength of the base and mcreasing number of hydrogen atoms in the 
ammonium group of the conjugate acrd, and also that it has severe 
steric requiremen ts, as expected. Thus, compkxauon IS most extensive 
for the lower abphatic prunary ammes and ahphattc cychc secondary 
ammes, such as ptperidme, and does not occur wtth non-cychc tertiary 
amines, except trimethylamine. The stgnificance of these complexation 
reacttons in potenttometrrc and conductimetnc tttratrons and in 
studies concerned with the reiauve strength of bases 1s ductused. 

INTRODUCTION 

NON-AQUEOUS solvents have been used extensively in acid-base titrations, mainly in 
those cases where replacement of water by another solvent results in a desirable 
increase in solubility of the (organic) solutes, or Improved sensitivrty of the titration, 
or better differen~ation of the components of mixtures, or where the use of a non- 
aqueous solvent avoids undesirable hydrolytic reactions. The subject has been 
thoroughly reviewed on several occasions by Riddick, and recently by Streuli.r 

In the majority of cases the selection of solvent and titrant involved largely an 
empiricat procedure of trial and error, because little theoretical in&ormation was 
available about the exact nature of the various soIute species present and their inter- 
actions in these solvents. However, in recent years there has been an increasing 
interest in the theoretical aspects of acid-base reactions in non-aqueous solvents, 
particularly in solvents such as acetic acid and ethylenediamine, and in non-hydrogen 
bonding solvents of intermediate dielectric constant, such as the nitriles. Evidence 
is- accumulating that probably no solvent is truIy inert, and non-aqueous solvents 
piovide a broad spectrum of conditions over which such solute-solvent interactions 
can be studied. However, certain non-aqueous solvents are much more inert in 
particular respects than water, and therefore provide suitable media for the inves- 
tigation of the more subtle intrinsic properties of solutes, which are masked in water. 
A&ox&rile is such a solvent. It is a weaker base and a much weaker acid than water, 

+partII: sccrcfcrcncc2. 
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and Its dielectnc constant is lower (36.0, as compared to 78.5 for water). The cumula- 

tive effect of these three factors is that acetonitrile IS a much more differentiating 
solvent than water, as IS reflected by Its much smaller autoprotolysis constant 
(3 x 10-27, as compared to 1 x IO-r4 for water2). Nevertheless, the dielectric 
constant of acetonitrile is sufficiently high to allow extensive electrolytic dissociation 
of ionic solutes and to permit the study of such solutions by conductimetry and other 
electrometric methods. 

An important consequence of the extremely weak acidic (hydrogen bonding) 
properties of acetonitrile is the fact that in solutions of many weak Bransted acids, 
HA, the amons, A-, are not stabilised sufficiently by solvation (which for the majority 
of anions must occur mainly by hydrogen bonding) and therefore resort to hydrogen 
bonding with undrssociated acid instead, producing complexes such as A- . . . HA. 
Naturally, d such complexation reactions occur, the treatment of data obtained with 
hydrogen ion indicator electrodes, and by methods involving conductimetry, spectro- 
photometry, etc., will be more complex than for the same solutes in water. The 
complexatlon reactions of Briinsted acids in acetonitrile have been studied thoroughly 
by Kolthoff and his coworkers.3 

Analogous hydrogen bonded complexes between free and protonated amine-type 
bases are also produced in acetonitrile, although not to the same extent as for Brbnsted 
acids. Nevertheless, some of these complexes are sufficiently stable to be im- 
portant in acid-base titrations and particularly in theoretical studies concerned with 
the relative strength of bases. This communication is concerned with the formation 
of such complexes. 

EXPERIMENTAL 
Apparatus 

Electromottve force measure.ments were made with a Beckman Model G pH meter and an @type 
cell contaimng a Fkckman “general purpose” No. 119040 glass electrode in conjunction with an 
Ag/(O OIOMAgNOI m acetonitnle) reference electrode, and with O*lM tetra-ethylammonium 
pet-chlorate m acetomtrile as salt brtdge. This apparatus has been described elsewhere.’ 

Reagents 

Technical grade acetonitrile (from two sources, Matheson and Sohio) was purified by a sequence 
of operattons described before,’ mcluding fractional dtstillation, that from phosphorus pentoxide 
and then from calcium hydnde. 

The bases used were generally purified by drstrllation from sodium hydroxide and sodium metal 
(under reduced pressum for high-boilmg bases). Full details will be presented elsewhere.‘ Roiling 
points agreed mth hterature values. 

The perchlorates and ptcrates of the bases studied were generally prepared by potentiometnc 
tnratton with the approprtate actd to the equivalence point (glass electrode) in water or ethanol as 
solvent, followed by evaporation of the solvent if necessary, and recrystallisation of the product 
from e&anol, isopropanol or ethyl acetate. Again, detailed information will be given elscwhereb 

RESULTS AND DISCUSSION 

Cells contaming glass electrodes in acetonitrile give a reversible response, provided 
the soluttons are adequately buffered, a proper reference electrode is used, and 
liquid junction potentials are controlled, as described before.” For each base (B) 
studied, we have measured the potential of a glass electrode in a series of 8 to 14 
buffer solutrons consisting of a constant concentration (G = 5 x lo-‘M) of the 
perchlorate or picrate of the base and varying concentrations (cb) of free base. 
The salt concentration was deliberately kept low to minimise activity effects, changes 
in hqurd junction potential and comphcations from BH+CIO,- and BH+Pi- ion 
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pair formation, even though a higher concentration of salt would facihtate (quahtatlve) 
detection of B.BH+ and higher complexes. 

For the dissociation of a protonated amme in a solvent S which has some proton 
acceptor power, the following equilibrium relationships apply : 

[Bl fB 
L=asH+*--- 

PH+l fm+ 

where I6 is the thermodynamic dissociation constant of BH+, and [Xl denotes the 
molar concentration, ax the activity and fx the molar activity coefficient of species X. 
At constant ionic strength, fB/fBH+ is constant, so that 

iB] - constant x K. 

PH+l 
. 

k+ 

If the electrode responds reversibly to asH+, it follows from the Nernst equation 
that a plot of E us. log ([B]/[BH+]) or US. log [B] at constant [BH+], will be linear with 
a slope of 59 mV at 25’. If no complexation occurs between B and BH+ and if the 
degree of dissociation of BH+ is negligible compared to unity (as it is in all cases 
studied), [B] and [BH+] are given by the total (analytical) concentrations Cb and Cs, 
respectively. However, if some BHB+ formation occurs, it follows that 

[B] = Cb - [BHB+] 
and 

[BH+] = Ce - @HB+] 

so that a plot of E U.S. log (cb/c8) will deviate from linearity. In the hmltmg case where 
formation of BHB+ is virtually complete over the range of base concentrations 
studied, the plot will again be linear, but now with a slope of 118 mV. 

In all cases formation constants of B.BH+ and kBH+ complexes were evaluated 
from E vs. log (Cb/Cs) plots, such as those given in Figs. l-4. In a relatively idea1 
case, such as that of piperidine (Fig. 2), only one complex (BHB+) IS produced and, 
furthermore, formation of this complex is virtually complete over a wide range of free 
base concentrations, so that calculation of the formation constant is straightforward. 
However, with the majority of bases studied the situation is more comphcated, 
because either the species BHB+ is insufficiently stable to be formed virtually 
exclusively even at the highest base concentrations studied (see below, pyndine), 
or else higher complexes such as B,*BH+ (Fig. 1, n-butylamine) and even B,.BH+ 
(Fig. 3, hydrazine) also are produced. 

As an illustration of the calculations carried out, the case of pyridme will be 
considered. Pyridine forms a relatively weak complex B*BH+, and gives no evidence 
of forming higher complexes. Experimental data are given in Table I. For the last 
measurement listed, it follows from the Nemst equation that 

1% 0.812 - x 
- 

5x10-“-x 
log O-812 

39 
=-= 

5x10-4 59 
log 4.58 
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m- 
C 
-04 0 l 04 cm 12 16 20 24 28 +.: 

bo CC,/C.~ 

Fro. l.-Potential of glass electrode in buffer solutions of n-butylamincs and their 
perchlorates at a constant salt concentration of 5 x 10-W. (A) n-Butylamine, (B) Di- 

n-butylannne, (C) Tri-n-butylarmne. 

where x represents the molar concentration of the BHB+ complex. Hence, 

O-812 - x 

5 x 104-x 
= 1624 x 4.58 = 744 x 103 

so that 

and 
x = [BHB+] = 3,91 x lo4 

Hence, 
[BH+] = 5+0 x lOA - 3-91 x lo-” = 1.09 x 1W. 

[BHB+] 3-91 x lo-4 

K = [B][BH+] = 6812 x 1.09 x lo4 = 4’4. 

Considering a more complicated example, that of n-butylamine, similar calculations 
give values of K that increase with increasing concentration of base: K = 26.3, 
254,32-2,41-6 and 70-4 for C, = O-01 74,O.0348,O.087,@261 and 0*696M, respectively. 
It is clear that (weak) higher complexes also are formed. In such cases the stepwise 

constants were computed by a series of approximations. For example, assuming as a 
first approximation that for n-butylamine K, = 26, it follows for the last measurement 
listed (CD = 0.696M) that 

[B*BH+] = 26 [B][BH+]. 
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FIG 2.--Glcss elcctrodc in pl~~din~pi~~di~~ picrate buffers at a constant salt 
concenvation of 5 x to-w. 

The value of [BH+] calculated as in the case of pyridine (ttide mpra) was found 
to be I.0 x 10-s. Hence [B*BH+] = l-81 x IO-‘, and 

[Bs.BH+] = Cs - (BHf] - [B.BH+] 

so that 

= 540 x lo4 - 1.0 x lo-5 - 1.81 x lo-” 
= 3.09 x 104 

[B,*BH+] 3.09 x 1V 

Ks = [B][B+BH+] = 0.696 x 1.81 x IO-’ = 25’ 

Similar ~lculations are carried out for all other points where formation of Bs+BH+ 
is apparent. For cb = 0.261 and @087, I& = 2.3 and 2-7, respectively. The average 
value of Kg (2.5) is then used to correct all preliminary values of K,, which yields even 
for the last 3 measurements listed above a reasonably constant value of K, = 26.6, 
25.8 and 26.3, respectively. For cases where it was necessary, this sequence of 
calculations was repeated until (self-consistent) constant values of K1 and Ks were 
obtained. In the case of hydrazine (Fig. 3), where even higher complexes are also 
formed, an approximate value of K, was obtained by using the data for intermediate 
concentrations of base. Evaluation of Ks and K, for hydrazine is too uncertain to be 
reported. More precise e.m.f. measurements (perhaps with a vibrating-reed electrom- 
eter as null detector) would be required for this purpose. 
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l 04 cm 12 16 20 24 28 32 +: 

bo (cb/c,) 

FIG. 3.-G&s electrode in hydra&e-hydrazonium monopcrchlorate buffers at a 
constaIlt salt cosKxnltration of 5 x IO-%. 

Formation constants for the complexes produced by a variety of nitrogen bases 
in acetonitrile as solvent are reported in Table II. 

The main features of the results listed in Table II and in Figs. l-4 are the following. 

A, Non-cyclic aliphatic amines 

1. The tendency of these amines to form 1: 1 hydrogen bonded complexes, BHW, 
increases in the order tertiary, secondary, primary. 

2. The tendency of the same amines to form higher complexes increases in the 
same order. Furthermore, it is to be expected that the highest complex that can be 
formed in any given case will be the species WBH+, where n is the number of hydrogen 
atoms in the ammonium group and therefore represents the maximum number of 
hydrogen bonds that can be formed. The results are in agreement with this requirement. 

3. However, steric factors are very important, as is most apparent from the 
behaviour of tertiary amines. Thus, while trimethylamine does form a 1: 1 complex, 
triethylamine and its higher homologues form none. Similarly, the higher non-cyclic 
secondary amines do not form complexes. 

B. Aromatic and cyclic aliphatic amines 

1. The strength of the complex formed increases with increasing strength of the 
base. Thus, the relatively weak primary amines aniline and ptoluidine do not form 
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FIG. 4.-Glass electrode m benzylamine and amline buffers at a wnstant salt wnan- 
tration of 5 x lo-‘M. 

(A) Benxylamine and its ptcrate, (B) Amhne and its perchlorate, (C) Aniline and its 
picrate. 

TABLE I.-EXPERIMENTAL DATA FOR PYIUDINE 

Cb+ AE, mVt IBHB+1 x 10’ [BH+] x 10’ K: 

0.101 11 1 75 3.25 5.3 
0 125 11 1.75 3 25 43 
0.250 17 243 2.57 38 
0.304 22 2.88 2 12 4.5 
0500 27 3.26 174 38 
0 812 39 3 91 109 44 

l Total molar wncentration of base added; wnCentrauon of salt 
(perchlorate) kept constant at 5 00 x lo-‘M for all 6 measurements. 

t Difference from line of slope = 59 mV extrapolated from mitial 
linear section of curve, which in the case of pyridme extended from the 
first point measured (cb = 2.5 x lOAM) through the seventh (Cb = 

0*02OM). 
$ Formation wnstant of BHB+ complex. 

ment, the average value is 4 2 
Omitting the first meas- 
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TABLE IL-FORMATION CONSTANTS OF HYDROGW-BONDED COMPLEXES FORMED BETWEEN 

FREE AND PROTONATED BASES IN ACETONITRILE 

Base 
Concn. range of base* 

pzz: 
Salt K,t K,t 

Min., M x 10’ Max,MxlO 

9 26 
1064 

3 
3 

10 
11 
17 

; 
7 
8 
1 
8 
0.8 
7 
4 
5 
1 
0.8 
8 
4 
0.7 
9 

10 
9 
8 

Perchlorate 
Petchlorate 
Perchlorate 
Perchlorate 
Perchlorate 
Petchlorate 
Picrate 
Ptcrate 
Perchlorate 
Perchlorate 
Per-chlorate 
Picrate 
Pet-chlorate 
Perchlorate 
Rcrate 
Ptcrate 
PIcrateS 
hcratez 
Picrate 
Picrate 
Perchlorate 
Perchlorate 
Rcrate 
Perchlorate 
Perchlorate 
Ptcrate 
Picrate 
Ptcrate 
Perchlorate 
Petchlorate 
Perchlorate 
Perchlorate 
Perchlorate 

:: 
31 

6 
25 

3 
1 

None 
19 

None 
26.. 

None 
None 
None 
None 
20 

None 
None 

2 

i.5 

2- 

Methylanune 
Dtmethylamme 
Tnmethylamme 
Ethylamme 
Dtethylamine 

10 61 5 
1072 2 
10 75 
11.00 

Trtethylamine 
n-Ropylamine 
Tn-n-propylamine 
n-Butylamme 
Di-n-butylamine 

10 74 
10.59 
10 70 
10 61 2 
11 31 2 

Tn-n-butylamme 10 89 

t-Butylamine 
Dt-isobutylamine 
Tn-tsoamylamme 
Prpendme 
Pyrrolidme 

10 45 
1059 

1lzo 
11 31 

Pyrtdme 5 17 
Amline 4 58 

p-Toluidme 
Benxybulune 

5.30 
9 30 
9 45 
8.36 
7.99 

10 03 
10 64 
10.82 
8 19 

1 
3 2 

2‘ 
3 

2 
3 
2 
2 
1 
4 
2 

: 
2 
3 
3 
3 
3 
3 
3 
4 
3 
3 
3 
3 

1 

25.. 
33 

- 
2‘ 
2 30 

4.1 
None 
None 
None 
15 
24 
10 
30 
40 
22 
10 
16 

- 

- 
1.6 
- 
68 
I‘ 
11 
1‘ 
- 

Hydkzine 
Ethylenediamine 
1 ,ZRopanedmmine 
1,4-Butanediamine 
Triethylenediaminef 

l Range over whrch total added base concentratton was varied, whrle keeping salt concentratton 
constant (at 5 x lo-‘M, except where mdicated otherwtse). 

t K, and KS are stepwtse formatton constants: 

K _ (B-+1 and 
‘--EN=? 

K = [B,BH+l 
’ [Bj[BHB+1* 

For dramines, the data refer to monoprotic species only. 
$ Salt concentratton = 5 x lo-*M. 
4 Higher complexes, up to B,.BH+, also formed. Value of KS uncertain. 

CH,-CH, 
/ \ 

7 Triethylenediamine: N-CH,XH,-N . 
\ / 

CHs-CH, 

complexes, while pyridine and especially benzylamine (Fig. 4) do. A similar correlation 
between the base strength and hydrogen bonding ability (acceptors: chloroform and 
methanol) has been observed with pyridines in the pure bases as so1vent.s 

2. The cyclic amines pyrrolidine and piperidine form complexes that are much 
more stable than those of the corresponding non-cyclic secondary amines. Simrlarly 
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the cyclic tertiary amine triethylcnediafnine (Table II) and even the relatively weak 
base pyridine form 1: 1 complexes. Clearly, in these cases steric hindrance is less 
marked than for the corresponding non-cyclic amines. 

C. Other generalisotiorw 

1. For the diamines, HsN$‘Xa)n+JHs, BHB+ formation decreases as n increases 
from 2 to 4, even though the base strength increuses in this sequence (in both water and 
acetonitrile). In the cases where n = 3 and 4 internal hydrogen bonding (N--H . . .I9 
may stabilise the cation, thereby reducing its desire to form hydrogen bonds with 
free base. The diamines are an interesting series of compounds, exhibiting quite 
different relationships between hydraxine and the remaining members in acetomtrile 
and in water. These differences will be discussed elsewhere.” 

2. Generally, the slopes of the E vs. log (cb/cs) plots in the early region, before 
complexation becomes si~~~~ were within 1 or 2 mV from the theoretical value of 
59 mV. However, in the case of di-n-butyl~ine (Fig. 1) the slope was considerably 
less (average of 4 series of measurements = 54 mv). The reason for this behaviour 
is unknown. In the case of aniline in picrate buffers (Fig. 4) there is marked curvature 
in the initial region of the plot. This is because of reversion of the salt to the weak 
parent acid and base: 

Rtration curves 
BHf+Pi-+B+HPi. 

The complexation reactions of nitrogen bases in acetomtnle not only are inter- 
esting per se, but are also important in the interpretation of acid-base titration curves. 
Clearly, in the titration of an amine with perchloric acid the largest effect of complexa- 
tion will occur in the early stages of the titration, and again just before the equivalence 
point, where either the base or the salt is in considerable excess over its conjugate 
species. It can be shown readily that complexation should result in a decrease of the 
buffer capacity of the solution and a reduction in the break at the equivalence point 
of a potentiometric titration. These generalisations were verified experimentally. 
For example, in a titration of @lM pyrrolidine in a&o&rile with 05M perchloric 
acid dissolved in methylene chloride the potential of the glass electrode deviated from 
the hypothetical values calculated from the dissociation constant of pyrrolidinium 
ion in acetouitr@ on the assumption that no complexatron, no ion pair formation 
and no interference by methylene chloride occurs, by -12, -5, t-6 and +lO mV 
at 10, 30, 70 and 90% titrated, respectively, where negative values indicate that the 
solution is more basic than the hypothetical value, and vice versa. The formation 
constants reported for pyrrolidine (Table II) account for the major part of this 
variation. 

The influence of complexation on the titration curves of amines with we& acids 
is more striking. Fig. 5 gives the conductimetric titration curves of n-butylamine with 
salicylic acid. The pronouneed curvature before the equivalence point is from the 
BH&+ complex (BH+A- ion pair formation is also important), and that a&r the 
equivalence point from the ANA- complex (studied in detail for similar systems by 
Kolthoff and Chantoonii). In a masking solvent, such as water, the two branches of 
the curve are virtually linear, and the section after the equivalence point is nearly 
horizontal. We will discuss elsewhere the conductimetric titration curves of a variety 
of amines with o&o-substituted benzoic acids. 
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CONCLUSIONS 

It has been shown that many of the stronger amines, particularly aliphatic primary 
and cyclic secondary amines, form hydrogen-bonded complexes with their conjugate 
acids in a&on&rile as solvent. One may speculate that this behaviour is likely to be 
the norm, rather than the exception, in the majority of solvents which have very 
weak-base properties. A formation constant near 30, which is typical for a number of 
these bases in acetonitrile, corresponds to a free energy of formation given by 

AF= -1IOdRTInK = -10-J x 20 x 298 x 2-3 x 1.48 = -24 kcal/mole. 

1 
IO- 

6. 

Fro. 5.-Gmductimctric titration of n-butylamine with saliilic acid: 
(A) 0-0287M base with 0 478M acid, 
(B) 0*0191M base with 0 249M acid. 

The corresponding complexes, AHA-, formed between a number of Br6nsted acids 
and their anionss are more stable, with formation constants ranging up to 101, corre- 
sponding to AF = -4 kcal/mole. This difference reflects the fact that acetonitrilc 
is more reluctant to solvate anions than cations, as compared to analogous salvation 
by water. 

It is necessary to consider the possible formation of BwBt complexes in any 
exact determination of the relative strength of amines (with the proton as reface 
acid) in acetonitrile and similar solvents. If the potential of a hy~gen-ion indicator 
electrode at the “half-neutralisation” point in the titration of an amine with a relatively 
strong acid is regarded as an index of the strength of the base,? an error will be 
introduced if complexes higher than the 1: 1 species are produced. We have deter- 
mined the pI& values of a series of nitrogen bases in acetonitrile by rn~u~rnen~ 
similar to those described in this communication, but with provisions to maintain 
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the absolute value of the net liquid junction potential constant for the entire series, 

and by making due allowance far complexation reactions. The results will be 
presented elsewhere.s 

Acknowk@tet~s-We thank the National Science Foundation for financial support under grant 
number NSF-014502. We also wish to express our indebtedness to Professor Kolthoff, whose 
claa&d invcat@tions of many facets of the chcmrstry of non-aqueous solutrons have created 
widcsprcad interest in this field. 

liaaraurktIn Acetonitrtl als L&unMmittel bidden stiirkerc 
Stickstoffbascn & mit cinan oder mehmmn-Molcki&n ihrer kon- 
iuakrtcn !56uten BH+ WassustoffbrBckcnkomnlexe. Bildungs- 
&&arucn sokhcr Kompkctc wu&n durch Mess&gut mit Gla&k- 
troden in Pulf- aus konstantcn Mcn~ dcs Perchlorats 
oder Pikrats der Base und wuiabkn Mengcn der f&n Base bcstimmt. 
Die Ergcbn& migcn, daa der Kompbxbildungsgrad mit steigcndcr 
Basensutrke und st&nder Anxahl von Wassutatoffatomcn m dcr 

dii Kom>&&ildung a?u s&k&n bci &n -&bigcn aliphatischcn 
prim&en und den cy&chcn sckund&n Amincn wk hpcridm und 
bleibt be1 nichtcychscben tcrti&cn Amincn auBer Truncthylamin 
uberhaupt aus. Die Bcdeuttmg drcser Kompkxbildungsreaktroncn 
bci potentiometnschcn und konduktomctnschcn Titrationen und be1 
Untersuchungcn Dber die relative Stitrke von Bascn wud dakutiert. 

R&an&-Darts l’ac&nitrik, lcs bases fortes axottts, B. forme dcs 
complexes l/l et plus &v&e par liaison hydrog&nc avcc leurs acrdcs 
conjugucS BH+. les constantca de formation dcs as complexes ont 
Ct6 d&emu&s par mesure au moyen d’&ctrode de verre en solutron 

tarXo 
M&S constitu&s par tm perchlorate ou un ptcrate de la base 

Ctu ‘& en concentration cot&ante et en p&cncc de concentratrons 
variables de base libre. Les r&mltats mot&rent que le taux de com- 
pkxatron au 
le nombrc 

~~a~I’llccrohanncnt&laforadclaba~etavcc 
atomca d hydro@ne du groupcment ammomum dans 

I’acidc conjug+ et Cgalement quc ks lmpcmtifa st&rrques jouent un 
grand role, commt il faut s’y attcndre. Aimi, la formation de com- 
pkxe eat plus accentu& pour les amincs alipbatiqucs primancs I@res 
et Its amincs sccondaires aliphatiqucs cycliqucs, commc la prpendme. 
et n’apparaft pas avcc lcs amines tertiaires non-cycliqucs, exaptC la 
trimtthylamine. Diiton de la signification de as r&ctrons de 
formatron de compkxcs darts ks dosages 

r 
potcntrom&ic et con- 

ductim&ne et dam ks &t&s relatives aux ~vcrscs forces de ccs bases. 
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(Received 19 June 1963 Accep& 10 OcMer 1963) 

~-This mvestrgatron deals wuh the studres on the effect of the 
nature and concentratton of surface active substances (s.a.s) on the a c. 
reduction peaks of Cd*+ and Zn*+ ions and vice-versa by a.c. polarog- 
raphy. The magnitude of the reduction peak is not influenced up to 
a certam concentratton of the s.a.s., but with concentrations higher 
than this, the magnitude of the reduction peak progressively decreases; 
a concentration of 1.3% of n-amyl alcohol compktely removes the 
lo-‘A4 Cd’+ peak. Neither magnitude nor the peak potential of the 
tensammetric peak of n-amyl alcohol are influenced by the presence 
of Cd*+ ions. There IS a linear relation between the concentration of 
the electroactrve species and the optimum concentration of the s.a.s., 
and also the concentratton of the s.a.s. just required to remove the 
reduction peak. These observations are further supported by the 
curve which gives the linear relation between the concentration of 
the electroacttve species and the amount of the s.as. required to 
reduce the magnitude of the reduction peak to half its value. The 
amount of the surfactants required to remove the mductlon peak com- 
pletely IS in the order n-amyl alcohol > Cerfak [sodium napthalene 
(2dodecyl)3-sulphonate] > cetylpyridinium bromide. These results 
are dtscussed. 

INTRODUCTION 

SURFACE active substances usually employed to eliminate maxima on polarographic 
waves often cause undesirable effects such as suppression of a diffusion current, shift 
of a half-wave potential, sphtting of a wave into two or more waves; in some cases 
the entire wave is obliterated, or a combination of these effects occurs. Breyer and 
Hacobianl studied the influence of tensammetric tiaves on a.c. and d.c. polarog- 
raphy. They showed, howem, that in the presence of cyclohexanol the discharge of 
Cds+ ions was rendered irreversible, as shown by the absence of an a.c. polarogram, 
only the tensammetric wave of cyclohexanol appearing. In contradistinction to CdZ+ 
the discharge of Mns+ (- 1.5~ us. S.C.E.) was completely unaffected by the presence of 
cyclohexanol. 

The purpose of the present investigation was to study in detail the effect of the 
nature and concentration of surface active substances, viz., n-amyl alcohol, Cerfak 
[sodium napthalene(2-dodecyc1)3-sulphonate] and cetylpyridinium bromide, on the 
a.c. reduction peaks of Cds+ and Zns+ ions and vice verm. It is also to be seen if there 
is a possible correlation between the optimum concentration of the surface active 
substance and the amount of reducible species before any of the above undesirable 
effects are operative was also sought. This would be of great significance in removing 
polarographic maxima in d.c. polarography. 

105 
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EXPERIMENTAL 

Reogenfs 

Codnjvm sui’te and tic s@hate wd BS reducible speck% were AnalaR qUBirty (B.D.H.) 
Nom& amyl &ohol of “Baker analysed reagent ‘* wp8 used as non-ionic surfacdactive substana 
Pun samplea of Cerfak ant ceQ$yrihium were used BS anionic and cationic agents 
nqxtively. All othet dmmds wed 

Mmwy wed f’crr the pot and the was pasd tbfougb a Mv’s c5IurnzP 
washedscvHaltimcewttlldisdhaiwota, , pas& through a shwmd-gIa88 dilta and 6nalIy 
diitilled under vacuum. 

were as followi. 
m=3459mgperrec. 

t = 2.3 8ec per drop hl 0*1&f KC1 (open circuit). 

Potaswm chloride solution (O*lM) was wed as the supporting electrolyte, and was mvariably 
shaken and k t in contact with mercmy and mercurous chloride. In each case the measurements 

c,g wentakenm theiadifferentc&troIyte, andthee%cthasbeenexpreasedintermsof thepercznt 
mcrease (with sign) of the aI%raating current. The d.m.e. was cathodii ~ughout the measurements. 
All the experiments were done at a pH of 3.3 and a temperature of 30 f 0 5”. 

RESULTS 

Fig. 1 shows the effect of various concentrations of n-amyl alcohof on the Cd*+ 
(i~~~u~on peak.. It is seen, in general, that the magnitude of the reduction peak 
is not influenced up to a certain concentration, known as the optimum concentration 
of the s.a.s., but with concentrations higher than this the magnitude of the reduction 
peak progressively d- so much so that a concentration of 1.3% of n-amyl 
alcohol completely removes the WeM Cd- peak. The magnitude and the peak 
potential of the tensammetric peak of n-amyl akohol shows the normal behaviour that 
would be expected without the presence of Cds-+ ions. These observations are further 
supported by Fig. 2, which gives the effect of various concentrations of Cerfak on the 
lOJM Cd% reduction peak. In this case, 0966% of Cerfak is sufhcient to remove the 
Cd’+ peak completely. 

Fig. 3 shows the effect of various concentrations of Cd* ions on the tensammetric 
peak of 1.3% n-amyl alcohol. It is again cor&med that the lo_dM Cd* peak is 
completely suppressed by l-3% n-amyl alcohol, whereas, with higher concentrations 
of Cd*, the reduction peak reappears; its magnitude then increases with increase in 
the concentration of Cd* ion without affecting either the magnitude or the peak 
potential of the tensammetric peak of 1.3% n-amyl alcohol. 

Fig. 4 gives the curve which relates the amounts of n-amyl alcohol required just to 
remove the Cd* peak completely using different concentrations of the electroadve 
species. It c&n be seen that the curve is linear within the concentration range IO%& 
109&f of the eleetroactive species. From this curve one can see dim&y the amount of 
s.a.s. just mquired to remove completely the reduction peak of an electroactive 
species cormsponding to any particular concentration. In other words, it gives the 
concentration of the s.a.s. which is su&ient to make the discharge process completely 
irreversible. 
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Ftg. 5 relates the optimum concentrations of n-amyl alcohol used for various 
concentrations of Cd2+ ion-to produce the reduction peak. Here agam it can be seen 
that the relation is linear in the concentratiol~ range lO-~~-lO-~~ of Cd&+. This 
relation should be of particular interest m connectron with d.c. polarography, where 
the optimum concentratton of the s.a.s. IS of stgmficance m suppressing the polarog- 
raphic maxima. 

These observations are further substantiated by Ftg. 6, which shows the linear 
relatron between the concentration of the electroactrve species and that of the surface 
active substance required to reduce the magnitude of the reduction peak to half its 
value. This linear relation holds good for the electroactive species between lO4M 
and 10-sN. The relation between the magmtude of the reduction peak and the molar 
con~ntration of the Cd2t 1011 IS linear wrthm the above range.6 

Fig. 7 shows the effect of varrous concentrations of n-amyl alcohol on the reduction 
peak of IO-aM ZrP ions. Here, also, as m the case of CdZ+ tons, up to a certain 
concentration of n-amyl alcohol, the magnttude of the Zn2f peak IS not affected at all; 
but with concentrations greater than thts optimum concentratron, the magnitude of 
the peak decreases progressrvely till It IS completely removed by 1 0% n-amyl alcohol. 
Further, the peak potentiat and the magnitude of the tensammetric peak of l*O% 
n-amyl alcohol remain unaffected by the presence of 10e3M Zn2+ eons. 

These observations are further confirmed by Fig. 8 and Fig. 9, which show the 
effect of various concentrations of Cerfak and CetylpyridInium bromide on the 
reductton peaks of 10-3M Z$+ ton The concentratrons of Cerfak and cetylpyri- 
dmium bromide required for completely removing the reductton peak are 0.056% and 
WOS~‘,, respecttvely. Therefore to remove completely the reduction peak of lo-sM 
Zna+, the quantities of s-as. required are in the order n-amyl alcohol > Cerfak > 
cetylpyridinium bromide; thts ts supported by the effect of these s.a.s. on the reduc- 
tton peak of Cd2b ton. 

DiSCUSSlON 

Tensammetric peaks’ are the outcome of the electrode processes which have their 
origin in adsorption~de~rption processes occurring at the d.m.e. when a small 
sinusoidal a.c. voltage IS superimposed upon the direct potential applied to a d.m.e. 
in the presence of s.a.s. and the resultant ac. current IS measured. They differ 
fundamentally from the a.c. reduction peaks of morgamc catrons which are produced 
as a consequence of depoIarisation processes occurrrng at the d.m.e., in the sense that 
in the former case no electron transfer takes place across the electrode boundary, 
whereas in the latter case it does. 

In the absence of s.a.s. the reductron of Inorgamc cations takes place unhindered 
at the d.m.e. at the correspondmg peak potenbal, and gives very high peaks which are 
reversible and di~uslon-controlled. If s a.s IS added, by virtue of the hydrophobic 
groups in the mole&e it is preferentially adsorbed on the electrode surface, and 
hinders the electrode process either by film formatIon or by chemical mteractton with 
the electroactive species in the Immediate vlcnuty of the electrode surface. This 
adsorptton IS maxtmum at the eiectrocapiilary zero(e.c.z),and dm~uushes on either stde 
of the e.c.z. giving rise to tensan~metrlc peaks arrgmg from sudden desorption of 

the s.a.s. at higher cathodic or anodtc potcnttuls It is obvrous, therefore, that the 
electrode processes whose reduction potentials IIC wlthln the ndsorptlon range of the 
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FIG. 9.-The effect of various concentrations of cetylpyrldmnml bromtde on the 
ZnP’ (IO $M) reduction peak 

1. IO-‘M Zn*+ 
2. 0 008 :,A cetylpyrtdmlum bromtde 
3. lo-*M ZIP+ + 0 004% cetylpyrldmium bromide 
4. 10-aM Zn*+ + 0 008 % cetylpyrlduuum bromide. 

s.a.s. will be affected by the presence of s.a.s., whereas outside this range there WIII be 
no significant influence on the electrode processes. 

Because the peak potential and the magmtude of the tensammetric peak corre- 
sponding to any particular amount of s.a.s. remam constant with and without electro- 
active species, this suggests that the hmdrance of the electrode process probably 
arises from film formatton at the electrode surface and not from any chemical inter- 
actton between s.a s. and the electroactrve speices. This IS further supported by Fig. 3, 
in whrch both the peak potenttai and theamount of 1.3% n-amylalcoholareunaffected 
by adding vartous amount of Cd2+ ions 111 the solutton . It appears that withconcentra- 
ttons up to the opttmum concentratron of the s.a.s., the amount of s.a.s. is not 
sufhcrent to cover the electrode surface to a sufficrent extent to hinder the electrode 
process, but concentratrons greater than the optimum concentration progressively 
Increase the extent of surface coverage wrthm the life of the drop, and increase the 
degree of hmdrance of the electrode process, thereby dimmishing the magnitude of the 
reductron peak At higher concentrattons of the s.a.s., corresponding to the removal 
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of the teductlon peak, It appears that mast of the surface IS covered with a ummolecular 
film; this hmders the rate of electron transfer from the electrode surface so much that 
It becomes slower than the dtffusion rate, and hence the limrting current IS no fonger 
d&fusion controlled. Thus a decrease m the rate of theelectron transfer corresponds to 

an increase m irreversilibity of the electrode reaction, thereby producmg no peak m 
a c. polarography. 

With larger amounts of a particular reducibie species, the quantity of the s.a.s. 
needed to make the rate of electron transfer slower than the rate of diffusion will be 
more than when smaller amounts of the same reducible species are present. Hence it 

is seen that the amount of n-amyl alcohol required for removing the reduction peak of 
CdZ+ using larger concentrations of Cds+ ions are more than those for smaller amounts 
of Cd” ions. It may be mentIoned that although the concentration of surfactants 
below the optimum concentration do not show any adverse effects on the kmettcs of 
the electrode process, they are nevertheless capable of suppressing the polarographtc 
maxima, probably because of preferential adsorptIon of the s.a s. at the neck of the 
mercury drop.* 

The extent of InhIbition on the kinetics of the electrode process depends, amongst 
other factors, on the structure of the adsorbed film, which in turn depends both on the 
nature of the s.a.s., especially Its charge, and on the nature of the reducible species. 
On the cathodic side of the e.c.z., cationic surfactants will be adsorbed more strongly 
than anionic surfactants, and therefore the amount of cetylpyridmium bromide 
(which is cattonIc) required to remove Cd2+ and Zne+ peaks 1s much less than the 
amount of Ccrfak (which IS anionic in nature.) 

4rAnoltI~~f~~,,lcrrl -The authors are thankful lo the C S I R, New Delhi, for the award of fellowship 
lo one of them {S K S) 

Zusamme&~--Dlese Arbe~t befaUt such mlt dem Eh’clkt von Art 
und Kon~nt~tion o~~~~naktlver Stotfe auf die Wechseistrom- 
reduktlonsspltzen von Cd’+ und Zn*+ rn der Wechselstrompolarog- 
rap htesowte den umgekehrten Effekten. Die GrdUe der Redukttons- 
spltze wird bls zu emer gewissen Konzentration des oberfklchenaktiven 
Stoffes mcht beemfluIJt, daruber nimmt die Spitze ab; eme Konzen- 
tration von 1.3% n-Amylalkohol unterdruckt die Spitze bet 10 3m 
Cd%+ ganz GroRe und Potential der te~m~trl~hen Spttze von 
n-AmylalkohoI werden durch Cd*+ nicht beeinRu&. Es besteht eme 
hneare Bezlehung zwlschen der Konzentration des reduzterbaren Ions 
und der Optlmalkonzentration des oberfliichenaktiven Stoffes und der 
Konzentratlon, die zur Unterdruckung der Spltze eben ausrelcht 
Duxe Beobachtungen werden weiter gestuzt durch dre lineare Beziehung 
zwtschen Konzentratron des reduza&aren ions und der Menge des 
o~m~chenaktlven Stoffes, die dre G&e der Soitze halblert. Die zur 
voibgen Unterdruckung her ReduktlonsspitA notwendtge Menge 
obertlachenaktiven Stoffes fallt von n-Amvlalkohol uber Cerfak zu 
Cetylpyr!dmiumbrom~d Diese Ergebnisse’ werden m dleser Arbelt 
dlskuttert. 



114 S L GUWA and SHARMA 

R&sum&Cette recherche Wane des etudes sur I’effet de la nature et de 
la concentratton des substances tenstoactrves (s t.a) SW les ptcs de 
r&ductton en c.a des Ions Cd*+ et Zn* + et vrce-versa par polar0 
en c.a. On volt que l’amplitude du ptc de reductton n’est pas in ff 

raphte 
uenc& 

Jusqu*& une certaine concentratton en s t.a., mats a des concentrattons 
sup&ieures a celk-c~. l’amplitude du pc de rtductton decroit progres- 
sivement de sorte qu’une concentratton de I ,3% en alcool n-amyhque 
supprtme completement le pc lo-*M Cd*+. L’amphtude, amst que le 
potentrel de p~c du ptc tensammetrtque de l’alcool n-amyhque ne sont 
pas mnfluenc&s par la presence d’rons Cd*+. II y a une relatton hn&ure 
entre la concentration de l’esp&x tkctroacttve dune part, et la con- 
centration opttmale de la s.t.a., ou les concentrattons de s t.a. juste 
n&essaires pour annuler le p~c de r&.iuctton d’autre part. Ces observa- 
tions sont en outre &y&s par la courbe qui donne la rehttton lmQtre 
entre la concentratton de I’espece Ckctroactive et la quantite de s.t a 
n&essaire pour dimmuer de mottit I’amphtude du p~c de r6ductton 
La quantttt de surfactant neceasaire pour suppruner totakment Ie p~c 
de r&luctton se c&se dans l’ordre. alcool n-amyhque z cerfak : 
bromure de dtylpyrtdnuum. Ces resuitats sont dtscutts dans le 
m&moue 
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Summary-The expected effects of temperature on column efficiency 
are constdered m detatl for typical compounds of low, mtermediate 
and high retentton Sttuations involving vartous relattve values of the 
reststances to mass transfer m the gas and liquid phases are analysed. 
One concluston reached IS that Row condtttons cannot be chosen at 
any one temperature which will result m maximum effictency for all 
solutes It would also be expected that column effictency generally 
should mcrease wtth increasing temperature although under some 
condittons, of htgh mass transfer reststances in the hquid phase 
relattve to that in the gas phase, a decrease or virtual independence of 
temperature may be found. The effect of variatton of column 
temperature on pressure drop across the column IS also exammed 
brtefly. 

THE early work of Van Deemter et al.’ immediately led to a greater understanding of 
the theory and practice of gas chromatography. Significant progress has been made 
with regard to theory since then by a number of persons of whom Jones,* Gidding9 
and Golap might be mentioned. Much of the effort has been in relation to isothermal 
chromatography. It has been shown6 that a knowledge of isothermal behaviour is 
important to an understanding of programmed temperature gas chromatography. 
In this paper some of the effects of temperature on isothermal gas chromatography, 
particularly with respect to column efficiency are examined. Because column efficiency 
is intimately related to the flow rate of the eluent gas and the distribution coefficients 
of the sample components, the effect of temperature on these two variables will first 
be briefly considered. 

Flow rate and pressure drop 

The effect of temperature on flow rate is primarily through its influence on gas 
viscosity which relates the 5ow rate to the pressure drop. There is a further strong 
effect from direct gas expansion if comparisons are made for conditions of constant 
mass flow rate. 

The viscosity of most gases at ordinary pressures is approximately proportional 
to the temperature raised to a power somewhat less than one.6 At high temperatures 
the limiting value of the slope shows a temperature dependence to the 0.63~power. 
At lower temperatures the coefficient is somewhat larger and no great error is incurred 
if the viscosities of gases of chromatographic interest are assumed to vary as the 
O.Fpower of the temperature. 

115 
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It IS noteworthy that the viscosity of hydrogen 15 about 0 84 IO * g/set cm 
at 0” and 1 atmos, whereas all other gases of chromatogr,iphic intcre\t h,tve viscosrties 
which are about twice this value. Therefore, the absolute ch,tngc III viscosity with 
tem~rature as well as the vrscosity itself IS least for hydrogen. Thus hydrogen is 
unquestionably the preferred eluent gas, both from the point of VICM of mnumum 
pressure drop and of least change m pressure drop wtth tempcr,rture 

0 100 200 300 400 

TEMP ‘C 
FK, I -Change m relative pressure drop wrth temperature for columns wrth vdrlous 
pressure gradients (P, IS the mlet pressure, PO IS the outlet pressure and T IS the 

temperature). 

Frc, 2 

I4 

IO 
0 100 200 300 400 

TEMP “C 
-Ch,mge rn inlet to outlet pressure ratio with temperature for columns 

various pressure gradrents 

If one assumes that the flow rate, expressed at column outlet pressure and at a 
constant temperature of O”, is malntatn~ constant (constant mass flow rate) while 
the temperature of the column 1s changed, then some pressure drop relationships 
which can be calculated are shown in Frgs. 1 and 2. Fig. 1 indicates that the relative 
change m pressure drop with increased temperature IS greatest when the absolute 
pressure drop across the column is smallest. It can be deduced that when the pressure 
drop is small, i.e., P, - I approaches zero, then the temperature dependence of 
_P - 1 varies according to (T/273)’ ‘, where _P IS the ratio of Inlet to outlet pressure, 
Pa/P,,, and T is the column temperature. The power 1.7 artses from the 0.7 viscosity 
dependence and the 1.0 from thermal expansion. When the pressure drop is large 
P - I varies according to (T/273)Os5. In Fig. 2 the actual changes tn the ratio of 
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inlet to outlet pressure with temperature are illustrated. As expected, this ratlo 
changes most when it is high initially. The principal sigruficance of these changes for 
the present work are in connection with the James and MartIn’ compressibility 

3 (_p” - 1) 
correction to flow-rates, i.e., j = - 

2 (12” - 1) * 

2s SO 34 

lOOO/ TEMP. l K 
FK1. 3.-Dependence of net retention volume, (V- V,), per g of column hqrud. on 
temperature for a variety of solutes on Aplezon L on firrbrick (2-m. 0.25~inch coiled 

copper column). 

Distribution coeflcient 

The most important effect of temperatures is on the distribution coefficients of 
the sample components between the eluent gas and the stationary liquid and is 
reflected primarily in the retention volumes and secondarily in the relative peak 
broadenings. The variation in distribution coefficient with temperature is dependent 
principally upon the exponential change of vapour pressure with temperature and 
to a small extent on changes in activity coefficients.s This leads to the well-known 
linear relationship between the logarithm of the net retention volume and the reciprocal 
of the absolute temperature, such as shown in Fig. 3. 

Column eficiency 

Column efficiency, or the number of theoretical plates, IS commonly expressed 
in terms of the theoretical plate height, H, as a function of eluent gas velocity for any 
particular system at constant temperature. The spreading of a chromatographic 
band in a column has been shown to be caused by a number of factors. These may 
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be summartsed m the followmg expression mvolvmg eluent gas veloctty 

H = A + B/u + Ctlq uj + Cgas u (1) 
A, B, Cllg and C,,, are constants at any gtven temperature, u IS defined here as the 
eluent gas velocity at the outlet, and] IS the compresstbtltty correctton. 

The first and controversral term A m equation (I) 1s the contrtbutton from eddy 
drffusron It IS a term whtch IS hmtted to packed columns and IS ascrtbed to the 
multtple paths followed by the eluent gas. It is small and 1s constdered neghgtble 
by some authors. If real, tt should be independent of temperature and therefore 
need not concern us further. 

The second term, B/u, which IS most important at low flow veloclttes, descrtbes 
the spreading because of diffuston m the flowing gas along the dtrectlon of flow. 
The constant B 1s 2yD,, where D, IS the gas phase dtffusron coefficient at column 
outlet condtttons and y IS a tortuosity factor equal to somewhat less than 1 for a 
packed column To assess the tmportance of this term tt 1s necessary to know the 
dlffusron coefficrents and then change wrth temperature. The equatron of Chen and 
Othmerv appears to agree with experimental measurements better than any other 
general equation yet proposed and the constants mvolved are the readrly accessible 
crltrcal constants 

0.43 (&))181 (& + &)“j 

DBas = p(:“d,;‘)e’““[(vcJ + (&“)04]2 
(2) 

D,,, IS the dtffuston coefficient in cm2/sec, T 1s the absolute temperature, P is the 
pressure m atmospheres, MI and M, are the molecular weights of eluent gas and 
dtffusmg solute, and TcI, Tc,, Vc, and Vc, are the critical temperatures and volumes. 
This equatton mdlcates that the diffusion coefficient is inversely proportional to 
pressure and, important for our present purposes, proportional to the 1.8i-power of 
temperature. Thus, the gaseous diffusion coefficient increases strongly with temper- 
ature and, for instance, could be expected to double in going from 25” to 160”. For 
condmons of constant mass flow rate, the actual velocrty at the column outlet 1s 
proportional to temperature to the first power. Hence, for constant mass flow rate 
condttlons the B/u term increases with temperature accordmg to only the 0.81-power. 

The thud and fourth terms in equation (1) refer to band broadening, whtch 
results from the firute time taken for equilibrium to be reached across any column 
sectton between the gas and liquid phases. The thud term, &, ~1, describes the 
effects of reststance to mass transfer in the liquid phase. The Cl,, coefficient of this 
term 1s generally agreed to have the form 

k 
C,,, = 2 - - d%g 

3 (1 + k)” Q,q 
(3) 

where k IS the ratto of moles of solute in the hqurd to moles of solute m the gas, d,,, 
IS the effectrve thickness of the liquid phase on the soled support and D,,a is the dtf- 
fusion coefficient. In contrast to the second term, high diffusion coefficients minimtse 
band broadening while high eluent gas velocittes increase band broadening. 

Experimental measurements of the diffusion coefficients of small solute molecules 
III high molecular werght viscous liquids are not very extensive, particularly over a 
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range of temperatures. An estlmatd df the temperature dependence of diffusion 
coefficients may be made from vrscos~ty measurements using the general relation 
that the delusion coefficient IS proportional to the absolute temperature drvided by 
the viscosity. This quantity is plotted in Fig 4 for a variety of solvents.1u Variations 

FIG 4 -Vwosit~temperature relattaas for various substances 
A-ether, D-glycol, 
B-carbon tetrachbnde, E-heavy machme od, 
C-*buryI abohd, F-g!ycero$ 

Hi.~ 

TIT 50 100 150 200 

TEMP *C 
Fm. 5.-Relatwe thermal expansion of dinonytphthalate f&T’) 1s the effectwe thrckness 

of lquld film at T”, dz(3ct”) IS the effectwe th!ckness of Rm at 30’1 

over many orders of magnrtude are clearly indtcated The temperature coe%clent of 
viscosity, and hence of diffusion, appears to be particularly large for highly viscous 
liquids. 

The absolute magmtude of the d&fusion coefficient tn hqmds is very much smalier 
than in gases. Thus, Scott and Hazeldean’” reported a value of I-I x tW cmz&c 
for n-heptane in dinonylphthaiate, which can be compared w&h a value of about 
O-4 crn+ec for n-heptane in helium at a pressure of 1 atmos. 

The remaining two factors contributing to C,,, [equation (3)] are also temperature 
dependent. The temperature dependence of the term dirs is because of the thermal 
expansion of the fiqutd and Fig. 5 shows the relattvely minor change in the relative 
value of &, as a function of temperature far dmonylphthalate.12 Even though this 
factor is squared in equation (3) its temperature effect is still small. 

8 
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Finally, the distrtbutton ratio, k, as noted tn the precedmg section, vanes exponen- 
tmlly with the reciprocal of the absolute temperature and hence will decrease strongly 
with increasing temperature. This is shown in Fig. 6 for three typical cases which are 
derived from the data of Frg. 3 and are chosen to represent cases of a substance with 

TEMP. ‘C 
Fro. 6 -Distribution ratio, k. as a function of temperature for three hydrocarbons on 

an Apiezon L column using the data of Ftg. 3. 

0 
50 100 150 200 

TEMP ‘C 
FIG. I.-The factor k/(1 + k)* as a function of temperature for the three hydrocarbon 

systems. 

a very low retention volume, propane; one with an intermediate value, pentane; 
and one with a large retention volume, octane. The quantity k/(1 + k)* will have a 
maximum at k equal to 1 and thus starting from a high value of k at low temperature, 
k/( 1 + k)* will first rise and then fall with temperature as shown in Fig. 7 for the same 
three examples. Normally k is somewhat greater than 1 for optimum chromato- 
graphic behaviour and, hence, the usual effect of increasing temperature will be 
to increase this factor. 

When the temperature effects for all three factors of the third term are combined, 
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the relative values of C,,, for the three hydrocarbon systems of Figs. 6 and 7 are 
obtained as functions of temperature (Fig. 8). In this figure it has been arbitranly 
assumed that Dtty changes in the same way with temperature as does glycol, Fig. 4, 
and also that all three solutes have equal dtffusivities. It can be seen that the highly 
volatile propane has a CIlcr term decreasing strongly with temperature. For the more 
typical case of a strongly retained substance, such as octane, the factor is low and may 
even increase slightly with temperature. The contribution to plate height is equal to 
Ct,a U$ For operation at constant mass flow rate u increases in proportion to temper- 
ature, while j decreases to an extent dependent upon the initial pressure drop across 

TEMP, *c 

FIG. 8 -The relative value of the coefkient of mstancc to mass transfer in the ftquid 
phase, GM, as a function of tcmpcrautn. 

the column as explained in the first section. The product ui will increase with 
temperature and this effect must be considered along with the data of Fig. 8. The 
joint and competing effects of these various factors results in a complex temperature 
behaviour for the third term of equation (1). 

Anally, the fourth term, C,, U, refers to band broadening from resistance to 
mass transfer in the gas phase, where C,, is a constant expressed in terms of the 
outlet conditions of the column. This term is probably the least well understood 
except for capillary columns. a*1s As a general expression, Jonesa has proposed that 

(4) 

where Cs and Ca are constants, d_ is the average diffusion path length in the gas 
phase, d,, is the packing particle size and p IS a factor between 0 and 1. These three 
factors refer to diffusion in the gas phase, mixing of streams of gas with different 
velocities and to interactions between these two effects. On the other hand, Gidding@ 
has suggested that the major effect arises from the interactions of relatively high 
velocity portions of the gas stream in the large interparticle spaces with the relatively 
stagnant or low velocity portions, such as in intraparticle pores. Qualitatively, all 
of these ~nt~butions to the plate height show a decrease with increasing temperature, 
primarily because of the DW factor which increases according to the l-81-power 
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of the temperature [equatron (2)] factors rnvolvmg k vary between 1 and 0, while 
d,,, would be expected to be essentrally Independent of temperature. To illustrate 
the magmtudes of the proposed effects Fogs 9, IO and I I show relative values of the 
three gaseous resistance terms proposed by Jones for the widely vartant situations 
represented by propane, pentane and octane cned before. It can be seen that the 
first and third factors decrease sharply with temperature, whereas the second decreases 
more slowly. The relative change In a factor. such as the one proposed by Giddmgs,‘* 

TEMP “C 
FIG 9.-The relatwe value of C,,,,, the first term m equation (4). as a functton of 

temperature 
@I 
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FIG. IO.-The relative value of C,,,, the second term m equation (4), as a function of 
temperature. 

would be nearly identical with the curves for Jones’ second factor. The over-all 
contribution of the fourth term, C,,, U, mcludes the contributton of the gas velocity. 
At constant mass flow rate it must be borne m mind that u increases in direct pro- 
portion to the temperature. 

The contributions of the various terms of equation (1) to the final value of plate 
height for a particular column can vary mdependently over wide ranges. The data 
of the preceding figures and equattons have been used to produce various sets of 
plate height-gas velocity curves (Ftg. 12) for these same three hydrocarbon systems, 
propane, pentane and octane on Aptezon L, as representative of substances with low, 
intermediate and relatively high retentron volumes. In order to combine the various 
terms of equation (1) the followmg condttions were specified: 

1. The second term 1s O-6 cm for propane at 30” and a value of u of 1 cm/set. 
This is a reasonable value for a packed column at thts low velocity. 
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2. The total contrlbutlon of the third and fourth terms IS O-1 cm for propane 
at the above conditions. This value for the mass transfer terms IS arbitrary and would 
depend on the column packmg, 

3. The three contributions to C,,, m equation (4) apply m the ratio of l-20.1. 
The proportions are arbltrary,but are Influenced considerably by Glddmgs’conclusion. 

4. Parts A, D and G of Fig. 12 are based on the term C,,, equal to the term C,, 
for propane at 30”; parts B, E and H are based on C,,, equal to 10 C,,,; and parts 
C, F and J are based on &, equal to 100 C,,,, again for propane at 30”. 

The results are further limited by the assumptions implied previcusly: hehum 
carrier gas, outlet pressure of 1 atmos, negligible pressure drop, the term A equal to 

5 
5 
d I 

0 
50 100 150 200 

TEMP. OC 
Il.-The relative value of Cm,, the third term in cquatlon (4), as 

temperature. 
a functton of 

zero and a column liquid with the viscosity characteristics of glycol and the retention 
characteristics shown in Fig. 3. Following a usual convention the flow velocities shown 
are those measured at column temperature and at outlet pressure If the velocity 
is expressed at some standard temperature in order to make comparisons under 
conditions of constant mass flow rate, then the figures are qualitatively similar but 
with the high temperature curves compressed towards the vertical axis. 

Fig. 12 illustrates most of the characteristics identifiable in experimentally observed 
curves. If one bears in mind that most chromatographic separations are based on 
k values in the range of 1 to 5, it can be seen from Fig. 6 that the three systems 
illustrated in Fig. 12 cover a much wider range of conditions than are usually employed 
in practice. Even at the lowest temperature of 30”, propane is still at the lower hmit 
of useful retention while octane is only within this range in the upper 50” of the 
temperatures chosen. 

At low velocities the predominant contribution to plate height arlses from the 
term B, which decreases with decreasing temperature or increasing molecular weight 
of the sample component. The contribution of the term B becomes small at high 
velocities and for this reason will not be discussed in further detail. 

At high velocities the mass transfer terms predominate. The general effect obvious 
from the various charts is a decrease in mass transfer resistance with increasing 
temperature although the curves in J are approaching the opposite behaviour. 
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FIG. 12.-Calculated plate height-gas veloctty curves for the same three systems of the 
previous figures at three temperatures and hased on three arburary ratros of 1, 10 and 
100 for Cu,, to C, for propane at 30” [B/U of equatton (1) taken as 0 6 cm and (C’r,, u + 

C, u) taken as 0 1 cm for propane at 30” and u of 1 cm/set] . 

Temperature 30” 100” 200 

Chart Compound Cue CCU CU, =, Cl,, Ccu 

A propane 50 50 4.7 39 05 20 
propane 91 9.1 8.6 7.1 0 8 37 
propane 99 1.0 94 08 09 04 

D pentane 20 78 58 48 10 28 
E pentane 35 14 10 *87 18 51 
F pentane 38 1.6 12 09 2-O 05 

G octane 1-o 109 13 71 10 42 
H octane 19 20 24 13 18 76 
J octane 21 22 26 14 20 08 

Cue and C, given m set x lw. 
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Charts A, D and G are based on equal contributions of the liquid- and gas-phase 
resistance to mass transfer for propane at 30”. The initial high temperature coefficient 
of C,,, for propane as well as the relative positions of the curves in Figs. 8 and 10 
mean that the gas-phase contributron predominates at most temperatures and at 
all temperatures for the higher hydrocarbons. Thus, for instance, in A at 200“ 
the contributron of liquid resistance to mass transfer is only about 2% of the gas- 
phase resistance. Charts A, D and G therefore illustrate the case of gas resistance 
being the major cont~bu~on to plate height. Under these conditions it is clearly 
advantageous to work at high temperatures. Furthermore, because of the relatively 
small effect of the distribution ratio on the value of C,, the curves for the different 
hydrocarbons are very similar to each other and high efficiencies may be attained 
at high temperatures for all components in an analysis. This type of operation is 
characteristic of most capillary columns which would therefore be expected to show a 
marked increase in efficiency with higher temperatures. This has been clearly 
demonstrated by Scott.13 

At the other extreme in charts C, F and J, which are based on C,, equal to 100 
Cpoll for propane at 30”, one sees curves in which squid-phi resistance is generally 
predominant. At 200” both liquid and gas resistance to mass transfer are of the 
same order. Other generalisations are difficult because of the competing effects 
involved in the temperature coefficient of Cr,,. With propane the decrease in k/( 1 + k)s 
and of l/I& with temperature combine to show marked increases in efficiency with 
increasing temperature in the range 30” to RIO*. With pentane the large change in the 
factor l/D,, over-rides the increase in k/(1 + k)B in this same temperature interval 
and the curves are similar to those for propane. For octane the factors approximately 
compensate at all temperatures. Under these conditions the efficiencies may vary 
widely for the different components in a sample. 

A case presumably simrlar to that in chart F has been described by DufEeld and 
Rogers.X These authors have shown that liquid-phase viscosity tie&d plate 
height as would be expected for a column in which Cu, is controlling. 

In a comparison of different ratios of liquid and gas resistances, such as shown in 
any horizontal row in Fig. 12, the effects to be expected will depend mostly on the type 
of temperature behaviour of the C,,, factor. Thus, for propane where Cs, and C,, are 
qualitatively similar the temperature effects are not grossly different. For octane where 
the temperature coefficients of C,, and Cu, are of the opposite sign over a wide tem- 
perature range, profound changesin the curves become evident in going from G to J. 

It is not feasrble to attempt to describe all of the possible extrapolations of the 
data shown in Fig. 12 to other possible conditions involving changes in gas and 
liquid properties. One case of possible interest would involve greater predominance 
of liquid-phase resistance, relatively high retention volume and possibly a lower 
temperature coefBcient of liquid viscosity. A combination of these effects could lead 
to a marked decrease in column efficiency with increasing temperature, such as was 
almost reached in chart J. The curves shown in Fig. 13 may be an example of this 
sort. This figure shows the usual behaviour between 30” and XP, but above 50” the 
efficiency appears to decrease with increasing temperature. 

Further analysis of the relationships depicted in Fig. 12 may be made by con- 
sidering the minimum plate height or maximum efficiency values and the corresponding 
velocities. The gas velocity at the minimum16 in the plate height-velocity curves 
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FIG I3.-Plate height-gas vebclty curves for n-hexane at a senes of temperatures on a 
2-M Apieron L column using hydrogen as the carrier gas 
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FIG 14 -0Qtlmum velocity and nummum plate height as a function of carbon number 
and temperature for hydrocarbons under condltlons specdied m Fig 12. 
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at any one temperature IS equal to t’S/(Crc + C,,,) and the value of the plate herght 

at this mrmmum velocity IS equal to A - Z\/scC,, ‘;- Ca&. In Frg. 14 these two 
quantttres are shown as a function of carbon num~r at three column tem~ratures 
and for the three C,,,/C,, condrtions illustrated in Fig. 12. Reasonable estimates 
of the values of the retention characteristics of hydrocarbons not shown in Fig. 3 
have been made. One may say generally that, for any one hydrocarbon, with mcreasing 
temperature the gas velocity at the minimum increases (charts A, 3 and C) and the 
Hmin decreases (charts D, E and F). These effects are independent of the ratio of 
liqutd- and gas-phase mass transfer resistances, although for octane m chart F a 
slrght reverse trend in Hmln is apparent. As indicated in the earlier discussron and 
posstbly suggested m Ftg. 13, this decrease in optimum efficiency with mcreasing 
temperature may occasronally be of some practical sigmficance. At constant temper- 
ature the optimum velocity may decrease regularly with carbon number where gas 
phase resistances tend to predommate as m chart A; or it may show a more csmplek 
behaviour when liquid phase resistances become significant as in charts B and C. 
The Hmin values are relatively Independent of carbon number at higher temperatures 
but vary considerably through a maximum at lower temperatures. The variations tn 
both I!,,,, and H,,, are greatest when liquid-phase resistances predominate. 

It is obvious from Figs. 12 and 14 that flow conditions cannot be chosen at any 
one temperature which ~111 result in maximum efficiencies for all solutes. This IS 
recognised in chromatographic practice In that a gas velocity greater than the 
minimum is usually chosen. 

It should be emphasised that while the conditions assumed for the construction 
of the curves m Figs 12 and 14 may exemplify actual chromatographic conditions 
there are innumerable alternatives. For example, the mass transfer terms may be 
larger or smaller compared to the longitudinal diffusion term, the gaseous mass 
transfer term may be more or less important, etc. Normally, one attempts by 
appropriate selection of desrgn and operating variables to minimise both mass 
transfer contributrons to plate height. Thus, changing the carrier gas to one wnh 
low diffusivity will decrease the longitudinal diffusion term but increase the term C,,, 
and leave the term C,,, unchanged. The relative values of C,, and C,,, will also 
depend on column or particle drmensions and on the manner in which the hqurd IS 
distributed on the support. The effects of various combinations can be deduced 
from reasonable extensions of the data given by the curves shown in Fig. 12 For 
example, a ten-fold decrease of the terms C,,, and C,,, of A, D and C would produce 
three new figures all very similar to H. 

Zusammenfassung-Dcr N crwartcndc TunpcratureinfiuO auf dtc 
Wirksamken von SPulen wud rm einzelmn fur typrsehe Verbmdungen 
nicdriEe+r, mMcrcr und hohcr Retention uiirtert. E.s we&n Frilie 
mtt v&chtcdcn groOer Hemmung des Massc&&rgangcs m Gas- ut$ 
fliissiger Phase bctrachtet. Es wird gcfolgcrt, da8 be1 ciner Tern 
keine fir alle gclosten Stoffe optimal wirksamcn Strtimung bz 

ratur 
mgun- 

n N finden smd. Es ist such N 6rwarten, dti die Wlrksamkelt der 
h uk im allgcmcmen mtt steigcndcr Tempcratur zunchmcn sollte, 
obwohl unter gcwissen B&ingungcn, nimliih stark6r Hcmmung dcs 
Masscniibergangcs in der fiUssigen Phase relativ zur Gasphase, ein 
AbfaU oder schcmbam Unabhitngigkeit von der Tern 
werden kann. AuQcrdem wird kurz dcr EinfluQ dcr II” 

raturge fund6n 

auf den Druckabfall IHng der Sgulc untersucht. 
!Mcntempatur 
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RM &t&k en d&ail ks effets de la tcmphturc sur l’efficacitt 
d’une colonnt dam+ k cas de wmpo-s& caracttrstiques de haute, 
moyenne et baase rttention. On analyse des exempks comportant 
drvMles valeum rekti~ de k &&axe au tmnsfert de masse tant eu 
phase hquide qu’en 

t! des conditions de re 
hase vapeur, Ch montre u’on ne peut trouver 
ux B une temp&ature dorm %, telles qu’on puisse 

obtenrr Mkaciitt m8ximak pour tous ks solut&s. on montre &gala 
ment que AMcacitt de colonne crolt mt avec la temp&ature. 
Ccpendant, dam CGirtaiaes wnditions, si k rapport des r&is- au 
transfert de masse e-n phase hquide et en 
peut rencontrer une dCaoisance ou une 
rapport a la tca3pcratm-e. On examine 
vartation de la temp&ature de la eolonm: sur k chute & preasion ie 
long de la wlonne. 
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Summary-The use of acctonitrik as a medium for thermometric 
acid-base tiaatiOm has been studied. satisfactory titratiOns arc 

obtainabk for a wide variety of arnincs and organic acids, but the 
instability of the solvent in the p”nce of strong bases gIWl Ii&s 

%zzzI a2z. 
licabiity. tI&ti0n Data are given on the heats of ncu 
III a&o&rile, and the results for m and psubstitutcd 

bcnzoii acids are shown to correlate well with their Hamrnctt a-vrlucs. 

INTRODUCTION 

THE advantages of performing acid-base titrations in non-aqueous systems are well 
known. The limitations of conventional methods of end-point detection have led to 
the exploration of alternatives. One of these, automatic thermometric titrations, 
introducad by Lindc, Rogers and Hume,’ IS particularly well adapted to non-aqueous 
systems because of its independence of the chemical nature of the solvent and reactant. 
A general review has been given by Zcnchelsky.2 The applicability of thermometric 
titration to non-aqueous acid-base titrations in glacial acetic acid has been studied 
by Keily and Hume .a The present paper describes the investigation of acid-base 
titrations in a&on&rile. 

Acctonitrile is a good solvent for a wide variety of organic acids and bases. Being 
very weakly basic and having negligible acidic properties, it permits titrations to be 
made over a very wide range of acidity as compared to water. Fritz,’ carrying out 
potentiometric titrations with a glasscalomel electrode pair, showed that acetonitrile 
was a suitable solvent for differentiating titrations of strong and weak bases. Critch- 
field and Johnson6 demonstrated acetonitrile to be a satisfactory solvent for 
differentiating potentiometric titrations of relatively strong acid’s. This lack of 
leveling action also shows in its range between the half-neutralisation potentials of 
strong acids and strong bases which Van der Heijde and Dahmen6 observed to be one 
of the widest among the solvents which have been studied, being better in this respect 
than acetic acid, dimethylformamide, ethanol or amines. In practice, however, the 
range is limited somewhat by the effect of very strong bases, such as hydroxide ion 
or alkoxide, which catalyse the polymerisation of solvent. 

Apparafus 
EXPERIMENTAL 

The instnm+al set-up used was that dqncd, built and employed by Keily.’ A constant-flow, 
motor-driven 
5ask. The ilazrm 

ge burette delivers t&rant mto the sample, which IS contamed in a half-pint Dewar 
carries a Pkxiglass cover insulated with cork, which holds the measuring thermistor, 

a glasseovcred wire heater, and has hoks for the burette tip and the shaft of a 600-rpm stirrer. The 
turc 

bri T 
of the titration mixture is measured continuously by a thermistor in a Wheatstone 

circuit and recorded on a Spcedornax G. 2-mV potentiometer-recorder. Pen displamt has 
been shown to be linear with temperature changes over a range of several tenths of a degree, and the 

129 
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Instrument at the highest sensm\rty responds to a change of 0 001 Titrations uere performed b} 
first adjusting the temperature of the sample to that of the trtrant. then runnmg In the tnrant at 
constant speed with a contmua! recording of the temperature 

Reagents 

Acerontmfe’ Materla! obtamed from Carbide and Carbon Chemicals Co was used throughout 
this work The water content of the material as received was of the order of 0 1 O0 (by Karl FLscher 
titration) and, occasionally, small amounts of ueakly acid lmpurmes appeared m mdlvldual batches 
The presence of acldlc impurrty was tested for by the addmon of 1 drop of thymo! blue (salt form) 
to about 5 ml of solvent In satisfactory material the colour should be yellow (red mdlcates acldlc 
impurity) and should change to blue upon the addttion of not more than 1 drop of 0 134 sodium 
methoxlde m methanol : Water and other lmpurlties were removed m either of t\\o ways One 
method consIsted of predrymg with anhydrous potasstum carbonate, then dtstlllmg over phosphorus 
pentoxide This gave an excellent product at the expense of considerable time and effort. Another 
method which was employed throu 

K 
hout the bulk of this work involved drymg the solvent by placing 

It in contact with Type 4A molecu ar sieves (Lmde Air Products Co.) for at least I5 mm before use 
The solvent treated m this way was found to contam less than O-O190 of water and the absorbant 
properties of these sieves were sufficnnt to remove small amounts of acid Impunties. _ 

Substances trrrafed* Most of the bases titrated were subjected to some’preliminary treatment 
or purification. They were of the best grades readllv avallable. and all were Eastman White Label 
p&ducts unless oth&wlse noted Compounds used without iurther purification were ptoluldme, 
p-bromamlme, m-rutro-aniline, ethylamme (anhydrous), trlmethylamme (anhydrous), lsopropyiamme 
and urea (Merck U S.P.). 

Compounds distilled under vacuum were o-chloramlme, NJV-dtmethylamlme, NJV~ethylarulme, 
IV-methylarulme, aniline (Fisher Reagent), pchloramlme (Eastman Practtca!). tri-n-butylamme 
(over sodium hydroxide) and tri-nobutylamme (Kahlbaum over sodrum hydroxide). 

Compounds subwted to sunple dlstdlation were lsobutylamine (over calcium oxide). tett- 
butylamine (over c&turn oxide),- n-butylamme (over cabu61 oxide), l-ethyiprpendme, pyndme 
(Mallmckrodt Reaeent over sodium hydroxide). momhohne (Carblde and Carbon Co. over sodium 
hydroxide), n-pro{y!amme (over sodium hydioxid;), dl-n-butylamine (over sodium hydroxide), 
diethy!amme (Sharples Commercral over sodium hydroxide), tnethylamme (Sharples Commercial 
over sodium hydroxide), see-butylamme (Sharplea over sodium hydroxide), dl-see-butylamine 
(Sharples over sodium hydroxide), and dl-isopropylamine (Eastman Yellow Lakl over sodium 
hydroxide). 

Ammorua (Matheson Co , Anhydrous) was passed through No. 4A Molecular Sieves (Lmde 
Au Products Co.), then dissolved by passing It over a stirred volume of acetomtnle The p-mtro- 
aniline and pchloramlme were recrystalbsed from ethanol and air-dried, while p-amsldme was 
recrysta!bsed once from water and once from 10” 0 
with iced water and air-dried 

methanol-water solution and finally washed 

Compounds titrated as acids were prepared or punfied m the followmg ways. No further punfica- 
tlon was gven to benzolc acid, p-tolulc acid. m-mtrobenzon acid, p-mtrobenzos acid. p-chloro- 
benzo~c acid. m-chlorobenzor acid, m-bromobenzoic aLid, glacial acetic acid (duPont 99 7%), formic 
actd (Raker and Adamson 98-100%) or sulphurtc acid (duPont 98 %). 

Monochloracetrc acrd was dried over phosphorus pentoxide for 24 hr. then vacuum-sublimed 
at about 60’. Dlchloracetic aad (Eastman technical grade) was vacuum-datllled and trichloracetic 
acid (Mallinckrodt Reagent) was dried for 1 week over magnesium perchlorate and vacuum-sublimed 
at about 60’. The water content of the compounds before solution m acetonitrile was determined 
by Karl Fischer titration and found to !X 0 2500, 0 12:; and O*tBoO for the mono-, di- and trichlor- 
acetic acid, respectively. 

7rrranrs* Hydrogen bromide solutions m acetomtrlle were used for the titration of organrc bases 
The tltrant was usually made up to a contintratlon of approximately @1 h4. Solutions were prepared 
by passing anhydrous hydrogen bromide (Matheson Co.) through a drying tower containing anhy- 
drous magnesium perchlorate and silica gel and then over the surface of the acetomtnle, which was 
being stirred vigorously with a magnetic stirrer. The resultmg solution! generally developed a yellow 
, nlnur m a period of 1-2 hr, but appeared to be stable thereafter A slmllar colour developed when 
anh~dr~us soluttons of hydrogen chloride were prepared, or \rhen attem 
anhydrob, Folutions of perchloric acid in acetonitnle. *B 

ts were made to prepare 
Hydrogen broml e appears to have a con- 

5 lerable vapour pressure over acetomtrlle solutions* standard solutions were observed to dccrrase 
m strength by about 1% per day For this reason the tltrants were standardi+ dally by dilutmg 
a!lqu,uts with water and tnratmg with standard sodium hydroxide using a 

Dlp,~znylguamdme solutions were used to titrate acids. Eastman 
guamdme was recrystalhsed successively from toluene. ethanol and a 

&::Kz~;:$II;: 

dried at 110’ over-night. The resulting product was found to be g 
in from tolucne before being 
*7+% pure by titration wth 
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standard aqueous hydrochlonc actd Tltrant solptlons made with this product were colour-stable 
and did not change tnrc appreciably over a pcfi6d of at least 1 m&M, 

Procedure 

The bases hstcd prc\~ously were all titrated with approximately 0.1M hydrogen bromrde m 
acctomtrlle The solutions tnrated \\ere made up to about ten-fold more dllutc than the tltrant. In 
each Instance. 15-ml portions were titrated No corrections were made for density vartatlons because 
all ntratlons mere performed m an alr-condmoned room ulth temperature fluctuarions > ~1’. In 
order to cstunate the accuracy of the method, comparison was made between conccntraGons deter- 
mmed thcrmomctr~cally and those dctermmed by corncntlonal methods The conccntratlon of 
aliphadc amincs was determmed by dllutmg ahquots about five-fold m water alid titratmg with 
standard aqueous hydrochlonc acid, usmg either a glass-calomcl potennometnc end-pomt or a 
methyl red-mcthyknc blue mixed Indicator. Aromatic amme concrntratlons were determmcd by 
dissolvmg ahquots m glacial acetlc acid and tltratmg with perchlonc acid in glacial acetic aad. The 
pcrchlonc acid uas standardlscd agamst potassium hydrogen phthalate usmg a glasscalomcl 
ekctrode patr for potennomernc end-point dctermmatlon 

J 
Volume - 

FIG. l.-Typical titration cu~cs of bases with a strong aced in anhydrous 
acctomtnle rnedlum. 

(A) ahphatlc ammcs, (B) aromatlc anunes. (C) very weak bases 

RESULTS 

Thermometric titration end-pomts consist of a change in slope of a temperature 
US. volume curve. Typical curve shapes for the systems studied in this investigation 
are illustrated in Fig. 1. The ease of end-point estimation is evidently dependent upon 
the sharpness of the slope change. This, in turn, IS related to two fundamental 
factors: the magnitude of the free-energy change of the reaction and the change in 
enthalpy which accompanies the reaction. Because It is the free-energy change which 
determines whether and how far a reactlon ~111 go towards completion, the magnitude 
of this term is of fundamental importance. Assuming a favourable free-energy 
change, the sharpness of the end-pomt break ~111 be determined by the magnitude of 
the enthalpy change: the larger the change, the more acute the change in slope at the 
equivalence pomt. If the free-energ> change In not fa\ourable, there ~111 be a rounded 
end-point because of the incompleteness of the reactlon at the equivalence pomt. 
regardless of the magnitude of the enthalpy term. Because the temperature rise in 
thermometric titrations is nearly hnear, rounded end-points may be estimated by 
extrapolation of the slopes before and after the highly tuned portlon of the plot. 
The general theory of the shape and characteristics of thermometric titration curves 
has been discussed by Kelly and Hume.9 
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Titration of bases 

Fig. 1 illustrates the general shapes of titration curves obtained for the titration 
of strong, weak and very weak bases with hydrogen bromide solution. It demonstrates 
the rough rule that sharpness of the end-point depends on the strength of the base 
titrated. This generalisation held in a qualitative sense for all of the bases titrated 
in this study. It is evident, however, from the data of Table I showing the precision 
and accuracy obtained in the titration of 17 non-aromatic amines that sharpness of 
the end-point is not the only factor which affects the precision and accuracy. The 
bases in Table I are listed in the general order of decreasing strength as determined by 
ionisation constant in water. It was noted that the precision for a number of the more 

TABLIZ I.-@mltATlONoF NON-AROMATIC AMINES 

Compound 

Di-n-butylamine 
D~ethylamine 
Di*butylamme 
Di-isopropylamine 
Tti-n-butylamme 
Ethyhunme 
Triethylamme 
Isopropylamme 

n-Butylamine n-Propylamine 
Set-butylamme 
Tert-butylamme 
Iso-butylamine 
I-Ethylpipetidme 
Tn-isobutylamine 
1.3-Dlphenylguamdine 
Ammonia 

No. of Present, Found 
detns. mmole mmole 

4 0600 0 598 
3 0 59s 0 598 
4 O-285 0 281 
3 0 130 0129 
4 0.598 0 595 
3 0.535 0529 
4 0.439 0 436 
2 0700 0 693 

4 0540 0 537 4 0445 0440 
2 0 535 0 531 
4 0449 0446 
3 0995 O-983 
4 0 111 0110 
4 0 365 0.361 
4 0.7079 0 7057 
4 1.320 1316 

AfcYyS 0 

99 7 
1005 
98.6 
99 2 
99 5 
98 9 
zz.: 

99 4 98 9 
99 3 
99.3 
98 3 
99 1 
98.9 
99.7 
99 7 

Std. devn.. 
% 

0 14 
040 
0 76 
I 56 
0 56 
0.93 
1.10 
164 

GO 

895 
0.70 
0 97 
0.26 
0 57 
0 95 

volatile compounds was lower than that for the average, and this is probably a factor 
which contributes to the considerable range in standard deviations observed. The 
over-all percentage standard deviation from the pooled data of all of the titrations 
of bases is f032Oh. This precision is poorer than the &O-2% reported by Linde, 
Rogers and Hume for thermometric titrations in water’ and by Keily and Hume for 
glacial acetic acid. s The observed precisions are similar to those reported by Fritz 
for potentiometric titrations. 4 It is of interest to note that the precision of titration 
of very weak bases was not significantly different from that of the over-all precision, 
even though the accuracy was lower. Table II shows results for aromatic and hetero- 
cyclic amines. With the exception of the values forpbromaniline and m-chloraniline, 
the average accuracy is 99.2%. The latter compound defined the limits of practical 
titrability using the thermometric end-point in acetonitrile. All weaker bases, as 
measured by their pKn values in water, gave thermometric curves which were so 
rounded that no significant change in slope could be seen to define the end-point. 
The weakest bases with discernible end-points have aqueous p&, values in the range 
of 10-105. As is evident in the accuracy values for pbrom- and m-chloraniline, 
the tendency is for the observed end-point to err on the high side in the titration of 
very weak bases. A similar tendency is apparent in Keily’s data for the titrations of 
the very weak bases, urea and acetanilide, in glacial acetic acid.’ 
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TABLE 11 -TITRATION OF AROMATIC AMINES AND OTHER WEAK BASES 

133 

Compound 

Morphohne 
N,N-Dlethylaniline 
pAnisidme 
Pyrldme 
p_Toluidme 
N,N-Dunethylamlme 
N-Methylanihne 
Andme 
pChloramline 
p_Bromamline 
m-Chloramlme 
o_Chloramlme 
m-Nltroamlme 
p_Nltroamlme 
Urea 

No. of 
detns. 

4 
4 
3 
4 
4 

3 
4 
4 
4 
4 
5 
3 
6 
4 

Present, 
mmole 

O-424 
0 457 
O-640 
0590 
0 828 
0 610 
0640 
0 930 
l-028 
0 794 
0 820 

Found, Accuracy, 
mmole % 

- 

0420 H’ 99 1 
0449 99 1 
0 634 99 I 
0 584 99 0 
0 824 99 5 
0604 99 0 
0 628 98.1 
0918 98.7 
1 033 100.5 
0 823 103 6 
0 853 104 

too weak to titrate 
too weak to titrate 
too weak to titrate 
too weak to titrate 

Std devn , 
% 

0 85 
103 
O-40 
0.74 
0 23 
0 94 
I I4 
0 78 
1 23 
021 
1 12 

The effect of precipitation of insoluble hydrobromldes durmg the tltratlon IS 
seen in Fig. 2. The sudden appearance of the heat of preclpltatlon distorts the curve 
but need not affect the accuracy of locating the end-pomt If the onset of preclpltatlon 
IS not too close to the end-point. The heat of neutrahsatlon may, of course, be 

estimated independently of the precipitation by the use of the mltlal slope. 

FIG. Z.-The effect of delayed precipitation during tttratlon: 
(A) anihne with hydrogen bromide, 
(B) ptoluidine with hydrogen bromide 

Dif/erentiating titration of bases 

The criteria for a good differentiating end-point are evident from a consideration 
of the factors affecting the thermometric end-pomt in general. For successful 
thermometric differentiation, not only must the free-energy change for each component 
in the mixture be great enough to assure completeness of reaction, and the free 
energies be sufficiently different that the reactions take place consecutively, rather than 
simultaneously, but the enthalpy change for each component must be sufficiently 
different that a significant change in slope can be recognised. It 1s difficult to say 
exactly how much of a difference in AH is essential to end-point discernment because 
in real titrations extraneous factors, such as heats of dilution, heat loss and changing 
heat capacity from addition of Want, also act to obscure end-points. It appears that 
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roughly a slope ratio of the order of 3 2 for the components IS necessary in order 
that the break be clearly defined It has been shown that in acetomtrile there is a 
remarkably constant proportionahty between AH and pK, for amines of similar 
type lo Because the slopes of thermometric titration curves are proportional to AH, 
this means that two bases which are sufficiently different m strength to be titrated 
consecutively are hkely to have thermometric slope ratios favourable for differentiating 
trtration m acetonitrile. As an illustration of the types of curves obtained, Fig. 3 
shows the trtration of mtxtures of 1,3-diphenylguamdme (AH = 20.7 Kcal/mole) plus 
pyridme (AH = 14.4 Kcal/mole), and mixtures of N-butylamme (AH = 25-8 Kcal/mol) 

I 
VOllmw - 

FIG 3 -DlfTerentratmg tttratlons* 
(A) 1,3-dlphenylguamdrne and pyrldme with hydrogen bromide, 
(B) n-butylamme and pyrldme with hydrogen bromrde. 
(C) Sulfurtc acid with I ,3_dlphenylguamdme. 

plus pyridme. The titration of the diphenylguanidine-pyrldlne mixture IS Illustrative 
of borderlme condttrons of titrabthty. The precisions of the two end-points (standard 
deviatron) are I.14 and 1*16O/,, respectively The titration curve for butylamine and 
pyridme is an example of an easily differentiated mixture Precisions of these end- 
points are 0 Sob and O-61 Olo, respectively. 

Titration of acids 

The list of acids titrated with dtphenylguamdme solution is given m Table III. 
The weakest acid that showed a distmct end-point was benzotc (p& in water 4.20). 
Acetic actd and p-toluic acids were too weak to be estimated thermometrically, 
in agreement with Kilpatrick,a who found that acetic acid could not be titrated 
m acetorutrrle using mdicators The reason for the limitation to relatively strong 
acrds IS related to the mstabrhty of the solvent in the presence of strong bases. 
Presumably, if one could titrate with bases stronger than diphenylguanidme or 
ahphatic amines, the range of titrability could be greatly extended. This is indicated 
by the work of Bruss and Wyld,” who claimed that acids as weak as the phenols 
could be titrated in acetonitrile if tetrabutylammonium hydroxide in isopropyl 
alcohol was used as tttrant. Attempts to dissolve bases such as potassium hydroxide 
or sodium methoxide in acetomtrrle resulted m the formation of a reddish-brown 
gelatmous residue, presumably polymeric m nature. The over-all pooled percentage 
standard deviation for the titration of acids was found to be 0.99%. 
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TABLE 111 -TITRATION OF ACIDS WITH I,3-DIPHEWLGUANIDINE 
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No. of 
detns 

Present, Found, 
mmole mmole 

Benzotc 
p-Chloroberuor 
m-Chlorobenzotc 
m-Bromobenzoic 
m-Nnrobenzotc 
p_Nttrobenzotc 
pTolulc 
Acettc 
Chloracttlc 

0 302 
0 269 
O-0910 
0240 
0449 
0 296 

0 470 

Accuracy, 
0’ /Cl 

Std Devn , 
0’ /O 

0 309 102 3 1 21 
0 275 102 3 24 
0 0903 99 2 1 55 
0 243 101 3 1 35 
0445 99.1 1 05 
0300 101 4 2 18 

too weak for end-point esttmatton 
too weak for end-pomt esttmatton 

O-476 101.3 1 58 
Dtchloracetic 3 0.313 0 311 99 4 0 60 
Trtchlotacettc 3 0114 0 113 99 1 2 08 
Hydrogen chlortde 3 0606 0603 99 5 047 
Hydrogen bromide 4 0 428 0 424 99 1 0 77 
Sulohunc* 3 0 426 0 424 995 0 33 
Pe~hlor& 3 0350 0 348 99 4 013 

pooled = 50 99% 

l Both protons 
b Filtrate from barium perchlorate plus sulphunc actd reactton. 

The tttratton of sulphuric acid with 1,3-diphenylguamdme IS also shown in Fig. 3. 
Critchfield and Johnson showed that the two protons of suiphuric acid can be 
distinguished potentiometrically by titration with morpholme in acetotutrile solution. 
In the present instance, the free energy criterion appears to be fulfilled, but the 
difference in the heats of neutralisation of the two protons is not sufficiently great 
to allow a distinct evaluation of the first end-point. 

Eflect of water 

Unfavourable effects from the presence of water in non-aqueous titration systems 
have been noticed by many authors. For the most part, interference from water is 
associated either with its acid-base properties or its high dielectric constant. Keily 
and Hume have also pointed out the problems from the heats of dilution and mixmg 
that may result from the presence of even minute amounts of water.3 

The situation is even more complex in acetonitrile where the possibihty of acid- or 
base-catalysed hydrolysis of the solvent must also be considered. In the titration of 
solutions of hydrogen chloride with diphenylguanidine, there is little effect from the 
presence of l-2% of water added immediately before the titration. If, however, as 
short a time as 1 hr elapses between the addition of water to the acid solution and the 
titration, as little as 05% of water can result in sufficient hydrolysis of the solvent to 
obscure the entire titration curve. On the other hand, there appears to be little 
perceptible effect of water on the titration of bases with hydrogen bromide. 

In contrast with the behaviour of dry acetic acid systems, the presence of small 
amounts of water was found to have very little effect on the heat of dilution of the 
titrants. On running 0.1M hydrogen bromide into 50-ml portions of acetonitrile 
containing varying amounts of water, linear dilution curves of low slope were obtained. 
Even with 1% of water present, the temperature rise did not exceed 0*08”. Mixing 
studies with diphenylguanidine titrant and acetonitrile-water mixtures yielded similar 
results. 
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TABLE IV-HEATS OF REACTION OF ACIDS WITH I,3-DIPHENULGUANIDINE 

No of --AH,,,. Std dew, 
Actd detns Kcal/mole Kcailmole PKA(H~O) 

_________~_. _____ ~_ 
Benzolc 3 124 02 4 20 
p-Chlorobenzolc 4 12 8 3 98 
m-Chlorobenzolc 4 12 8 

8: 
3 82 

!n-Bromobenzotc 3 12 8 01 381 
,n-Nttrobenzolc 5 154 06 3 49 
p-Nttrobenzolc 7 134 04 3 42 
Chloracetlc 5 136 09 2 86 
Dtchloracetrc 3 IS I OS I 30 
Trtchloracetlc 3 192 06 0 89 
Hydrogen bromide 3 20 3 02 - 
Hydrogen chloride 7 25 3 07 - 
SuIphurtc* 6 20 4 14 - 
Perchlortcb 4 174 08 - 
Perchlow’ 4 176 05 - 

* First proton 
b Ftltrate from barium perchlorate plus sulphurlc acid reaLtlon 
’ Contarns excess glacial acetlc acid 

DISCUSSION 

Although satrsfactory trtratrons may be obtarned both for the trtratton of acrds 
and of bases, the use of acetonttrrle as a medrum for acrd-base tttration with a thermo- 
metrrc end-point has no real advantage from a practtcal standpomt. The mstabrhty 
of the solvent m the presence of strong bases makes the determination of weak acids 
impracttcal, and the drfficulty of preparmg stable anhydrous acetonitrtle solutions of 
strong acrds IS a drawback for the determmatron of bases. Attempts to prepare 
anhydrous acetomtrrle solutrons of perchlorrc acrd by metathetrcal reactrons were 
unsuccessful. For example, although barium sulphate IS very msoluble rn acetomtrrle, 
a mixture of barrum perchlorate and sulphuric actd contmued to deposit a precipttate 
after equtlibratton for 6 months. Hydrogen bromrde, m spate of Its volattlity, was 
the most satisfactory of the strong acids mvestrgated. The utthsatton of reagent 
soluttons m solvents other than acetonttrile (e.g., hrgher alcohols, ketones, dtoxan) 
for tttrattons m an acetomtrrle medium may generally be expected to gtve rise to 
heats of mtxmg and drlutron whtch dtstort the trtratton curves and may not always 
be compensatable by dtfferentral temperature measurements. 

The heats of reactron of carboxylic and mmeral acrds rn acetomtrrle wrth 1,3- 
diphenylguarndme are gtven m Table IV. It was of Interest to see If the same sort 
of relattonshrp extsted between the heats of neutralisatron of the carboxylic actds rn 
acetonrtrile and therr acid strengths as was found to extst between the heats of 
neutrahsatton and basrc strengths of ammes m the same solvent.1° The plot of 
-AH,, tn acetomtrrie 1 ersus the Hammet a-value for benzorc actd and five m- orp- 
substituted benzorc acrds (Frg. 4) shows that such a correlatton does exist except for 
nt-nitrobenzotc acrd. The anomalously high value for the heat of neutrahsation of 
this compound remams unexplamed. The equatton of the lure m Fig. 4 1s -AH,,, = 
1.23 u $- 12.4 I 0.1 Kcal/mole. Data on the heats of neutrahsatron of 32 amines 
with hydrogen bromtde in acetomtrtle and their theoretrcal mterpretation have been 
published elsewhere lo 
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FIG 4.-- -?~ff,~ tn acetonrtrrk ts u for substttuted acrds 
(33) benzo~c, (34) p-chlorobenzotc, (35) /n-chlorobenzotc. 

(36) m-bromobenzotc, (37) In-mtrobenzotc, (38)~mtrobenzotc 
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Zusammenfassung-Acetonnrtl als Medium fur thermometrrsche 
Saure-Basen-Tttrattonen wurde untersucht Sehr vtele Amme und 
organtsche Sauren lassen such befrtedrgend trtrreren, aber dte Zersetz- 
Itchken des Losungsmtttels m Gegenwart starker Basen begrenzt dte 
praktrsche Anwendbarkert. Es werden NeutralIsationswarmen ver- 
schtedener Sauren m Acetomtrtl angegeben, dte Ergcbmsse an m- und 
p-substttuterten Benzoes8uren entsprechen thren Hammettschen 
a-Werten 

R&urn&-On Ctudre i’uti~lsation de i’adtomtrtle comme mtlreu pour 
des trtrages thermom~triques actde-base Les resultats sont sattsfarsants 
pour de nombreux actdes orgamques et de nombreuses ammes, mars 
I’mstabrhte du solvant en prksence de bases fortes hmtte grandement 
son apphcatton prattque On donne des resultats sur les chaleurs de 
neutrahsatron de dtffkrents acrdes dans I’adtomtrtle, les resultats 
pour les actdes benzotques m- et p- substrtuts se co&lent been avec 
les valeurs de leurs u de Hammett 
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POLAROGRAPHY OF COPPER IN DIETHYLENE- 
TRIAMINEPENTA-ACETIC ACID SOLUTIONS 
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(Recewed 19 Jwu 1963 Accepted 6 Ocroher lP63) 

!Summary-The polarographtc behavtour of copper m the presence of 
excess DTPA has been studted by means of the droppmg mercury 
electrode In an actdtc medtum the coppertt complex IS reverstbly 
reduced to the amalgam At pH values above 5 the wave IS broken 
mto two parts and a new rrreverstble wave appears at a more negative 
potennal An Increase m pH of the supportmg electrolyte results m an 
increase of the second wave at the expense of the origmal one, the 
limmng current of the total wave remaining constant. The effect of 
temperature. pressure of mercury, pH and the concentratton of DTPA 
on the hmrtmg current and the half-wave potentials of the two waves 
have been mvesttgated and the stabthty constant of the copper-DTPA 
complex has been redetermined. The double wave IS assumed to be 
the result of an mhtbtted electrode reactton, the mhtbttton bemg cauti 
by the deposttton of the reductton product at the electrode surface 
When the apphed potential IS Increased above -0 7 V us S.C.E , the 
film IS desorbed and the current rtses to Its ortgmal value 

INTRODUCTION 

DIETHYLENETRIAMINEPENTA-ACETIC acid (DTPA) forms stable complexes wtth copper” 
In the presence of excess DTPA three complexes wtth the formulae CuH,DTPA, 
CuHDTPA and CuDTPA, respecttvely, are formed at various pH. The complexes 
have been investtgated by spectrophotometric and potenttometric methods and the 
stabrhty constants determmed.l-4 

The polarographic behavrour of the copper-DTPA chelates has not prevrously 
been mvestigated. Prehmmary experiments with the dropping mercury electrode 
(D.M.E.) showed that copper m the presence of excess DTPA IS reduced m two steps 
m an alkaline medium, and that the ratio of the two waves was highly dependent on 
the pH of the supportmg electrolyte. The present work was carried out in order to 
study this effect of pH on the reduction of the copper-DTPA complexes. 

EXPERIMENTAL 
Reagents 

Diethylenetrrctminepenta-acetx ocrd 
The 

Obtained from Geigy Chemrcal Corp., New York, U.S.A. 
commercial DTPA was recrystalhsed twtce from a mintmum amount of hot water and dned in 

the air. The purity of the product was checked by infrared analysis. A 0.05M stock solutton was 
prepared by dissolvmg 19 7 g of DTPA and 6 g of sodium hydroxide in distilled water and dilutmg to 1 
lttre The solution was standardtsed agamst dipyridozincthiocyanate accordmg to BudtSlnsky 5 

S~u~~$rrdco~~~” solulton: 
copper m nitric acd 

Prepared by dtssolvtng an accurately wetghed amount of electrolytrc 

vohtme. 
Part of the excess acid was evaporated and the residue diluted to appropnate 

The remaining chetnicals were of reagent grade qualrty and they were used without further 
punfication. 

Two-tenths molar acetate- phosphate and ammonia-buffers were used as supporting electrolytes. 
The pH of the electrolytes was adujsted to the desired value by addmg hydrochlonc acid or potasstum 
hydroxtde to the solutron and its pH measured with a pH meter. Tnton X-100, obtained from Rohtn 
and Haas Co., Philadelphta. U.S.A., was used as maximum supressor in some expenments 
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Apparafus 

Polarograms were recorded with a Tast-Polarosraph, Selector D (Atlas Werken, Bremen Ger- 
many). The conventtonal type of droppmg mercury electrode and of electrolysis cell was used 
The capillary charactenstlcs, measured m O*IM potassium mtrate (open clrcult) at a mercury height 
of524cmwere. m=2998mg/secandt=352sec An external saturated calomel electrode 
(S C E ), connected to the cell by means of an agar bridge, served as reference electrode Dissolved 
air was removed from the solutrons by bubblmg oxygen-free mtrogen through the cell for IO mm and 
paumg tt over the solutton during the electrolysis AU experiments were performed at 25 = 0 I” 

The reversibihty of the electrode reacttons was tested by determming the temperature coefficient of 
the half-wave potentials and the slopes of the curves of log I/&, - I) 1s potential CorrectIons were 
made for the residual current and IR-drop m the ctrcult Data for the logarlthmlc plots were taken by 
manual operatton of the polarograph, measuring the applied potential with a Hartman and Braun 
(No. 10018) potentiometer. Half-wave potentials of the reversible waves were taken from the 
logarrthmtc plots and were teproductble to + 1 mV 

Prehminary experiments RESULTS 

Current-voltage curves of DTPA in supportmg electrolytes of drfferent pH 
showed that the reagent is not reduced at the D.M.E. An anodlc wave, however, 
probably from the oxidation of mercury to a mercury-DTPA complex, was observed 

on all polarograms. The wave was shifted to more negative values with an IncreasIng 
pH of the supporting electrolyte and the height of the wave was found to be pro- 
portional to the concentration of DTPA. 
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FIG. l.-Polarograms of lo-*M copper” and IO-*M DTPA m acetate buffer pH 4 60 
wtth various amounts of Tnton X-100 present. (a) O%, (b) 0 002%. (c) 0 003% 

(d) @006%, and (e) >O 01%. 

Polarograms of copper in the presence of DTPA exhiblted a maximum when 
recorded from solutions with low pH values. The maximum was easrly suppressed 
by the addition of a minute amount of Triton X-100. Larger amounts of Triton 
had, however, a marked effect on the reduction wave, which was spht into two waves 
and the limiting current was strongly decreased over a considerable potential range. 
A few polarograms recorded in the presence of various amounts of Trlton X-100 
are shown in Fig. 1. Experiments showed that the presence of 0400S”~ of Triton was 
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FIG. 2.-Polarograms of IO-*Mcopp# and lO%fDTPA: (A) acetate buffer pH 4.65, 
(B) phosphate buffer pH 6 80, and (C) phosphate buffer pH Q-60. 

sufficient to suppress the maximum and this low concentration had no undesirable 
effect in an acldlc medium. No maximum was observed on polarograms recorded 
from solutions with a pH greater than 4, and in the following experiments no surface 
active substances were added to the supporting electrolytes in the pH range 4-12. 

Efecr of pH 

The effect of pH on the cathodic wave of copper” in the presence of excess DTPA 
was investigated, usmg acetate and phosphate buffers as supporting electrolytes. 
Polarograms recorded from solutions with a pH less than 5 consisted of a single 
well-defined wave, whereas a second wave appeared on polarograms recorded at 
higher pH. An increase in pH of the supporting electrolyte resulted in an increase of 
the second wave at the expense of the first one, the total limiting current remaining 
constant. A few typical polarograms are shown in Fig. 2. The half-wave potential 
of the first wave was shifted to more negative values with increasing pH as indicated 
in Fig. 3. The half-wave potential of the second wave, however, remained practically 
constant (Et = -0.68 V us. S.C.E.) in the entire pH range 5-12. The lower limit 
of pH m these measurements is restricted by the solubihty of DTPA and the dis- 
solution wave of mercury which interfered at pH values less than 3. The variation of 
the height of the first and second wave with the pH of the supporting electrolyte, is 
plotted in Fig. 4. The above results were perfectly reproducible. At a given pH 
identical polarograms were obtained, independent of the supporting electrolyte 
used (i.e., acetate, phosphate or potassium nitrate/potassium hydroxide). The ratio 
between the first and second wave increased, however, in the presence of ammonia 
(Fig. 4). This is probably because of a mixed ligand complex and will be discussed 
below. 
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currents of the first (1) and second (2) wave 
of 10-W copper 1 and 10-W DTPA at various pH values: 

(A) acetate and phosphate buffers,- ammorua buffers. 
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Reversibility of the electrode reacttons 

The reversibility of the electrode reactions was tested by plottmg log i/(id - I) LS. 
the potential. The plots yield straight lines at all pH for the first wave, and the slope 
of the lines indicated a reversible two-electron reduction of copper to the amalgam. 

The half-wave potential of the first wave shifted to more negative values with an 
increasing concentration of DTPA, and the plot of the values of E, vs. the corre- 
sponding values of log C,, resulted in straight lines. The slope of the lines indicated 
that only one group is cosrdinated in the complex. In the concentration range 
5 x IW to IO-*M DTPA, the half-wave potential of the first wave may be expressed 
by the equation: 

E, = -0.576 - 0.029 log C,. 

The concentration C, of the free ligand available for complex formation was calculated 
using the dissociation constants of DTPA reported by Anderegg and coworkers.” 

The second wave, which appeared on polarograms recorded from solutions with 
a pH greater than 5, showed an irreversible reduction. The plot of log i/(i,, - i) vs. 
the potential yields curved lines at all pH from 5 to 12. The half-wave potential of 
this wave, taking E, as the point on the curve where i = id/2, was constant (-0.68 V 
vs. S.C.E.) and independent of the pH of the supporting electrolyte and the excess 
of DTPA present. 

Efict of temperature 

The effect of temperature on the cathodic waves of copper in the presence of 
excess DTPA was tested in acetate and phosphate buffers. In the region 2045’ the 
temperature dependence of both the half-wave potential and the height of the first 
wave was linear. The temperature coefficient of the half-wave potential, -0.3 
mV/degree, is of the proper sign and magnitude for that of a reversible process. 

TABLE 1 -EFFECT OF IIMPERATURE 

First wave Second wave 

--Et, I’ Current, /iA --Et, V Current, pA 

E 0 0.397 396 0 056 53 0.68 0.68 0 0 16 16 

:: 0400 0 399 060 064 0 0 68 68 0 0 16 16 
40 0402 0.68 0.68 0.15 
50 0.403 0.73 068 015 

10-W capperI* and lo-*M DTPA in phosphate buffer of 
pH 6.60. 

The temperature coefficient of the diffusion current was 1.3% per degree, indicating a 
diffusion-controlled process. The data obtained from phosphate buffer pH 6.6 are 
reported in Table I. At this pH the two waves are very well separated and the tempera- 
ture dependence of the second wave could also be measured. As seen from the 
table, the half-wave potential and the height of the second wave were found to be 
independent of the temperature within the experimental error. 
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D@iilon current constant 

The diffusion current constant at dtfferent pH was determined by measurmg the 
hmltmg current of 2 x lad to 2 x 10-9M copper in the presence of IO-*M DTPA. 
In the pH range 3-10, using acetate and phosphate buffers as supporting electrolytes, 
the limiting current of the total wave was independent of pH and It increased pro- 
portlonally to the concentration of copper at all pH. The diffusion current constant 
in these media was found to be I = 2.42 f 0.06. In ammonia buffers of pH IO-12 the 
diffusion current constant was somewhat larger, I = 2.55 f O-05. Comparison of 
these values with the diffusion current constant of the copper EDTA-complex deter- 
mmed by Pecsok,6 I = 2.85, indicates that the total wave is caused by a two-electron 
reduction of copper to copper amalgam. 

Efect of drop time 

The effect of drop time was investigated by recording polarograms of lOaM 
copper and 10m2M DTPA in acetate and phosphate buffers at various heights of the 
mercury column. The height of the single wave obtained at pH t5 and the first 
wave obtained at higher pH values, increased with the height of the mercury, the 

value i/6 where h is the height of the column after correction for the “back- 
pressure”, was constant, indicating that the electrode reaction 1s diffusion controlled. 
The height of the second wave was found to increase proportionally to the height of the 
mercury column and indicates that this wave is from an adsorptlon on the electrode 
and that the current is controlled by the rate of penetration of the copper complex 
through an adsorbed film .’ The data obtained at pH 6.65 are given in Table II. 

TABLE II.-Emcr OF PRESSURE OF MERCURY 

h CmT , 

CI?l 

Second wave 

1. PA ilhcorr 

45 6 4 65 0 69 1.40 0031 
50 6 4.95 0 68 1 55 0031 
55 6 5 15 0 69 1.70 0031 
606 5.35 0 68 1 85 0031 

lo-*M copper** and lo-*M DPTA in phosphate buffer of 
pH 6 65. 

The drop time of the capillary was also measured as a function of the apphed 
potential. The electrocapillary maximum was not shifted and the general shape of the 
curve did not change upon the addition of 10-8M copper and 10-2M DTPA to 

the supporting electrolyte, but a 2% decrease in drop time was observed over a 
conslderable potential range. 

DISCUSSION 

It is evident from the experimental data that the first wave is from a reversible, 
diffusion-controlled, two-electron reduction of the copper-DTPA complex. The 
observed half-wave potentials are linear functions of the pH in the regions 4-7, 
7-10 and N-12.5 (Fig. 3). The slopes of the curves are -@060, -0.035 and 0 
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V/pH umt, respectively, indtcatmg that the following reactions take place at the 
electrode : 

CuAJ- + 2H+ + 2e- ‘n4-’ + Cu(Hg) + H,A3- 

CuAJ- + H+ + 2e- *a Cu(Hg) + HA’- 

CuA3- + 2e- ‘H Cu(Hg) + As- 

where HA represents DTPA. 
At pH <4, the conditional constant4 of CuHA*- 1s of the same order as that of 

CuAs-, and the following reaction will probably take place m that pH region: 

CuHA3- + 2H+ + 2e- ‘Hclc Cu(Hg) + H,As-. 

The stability constants of the CuA3- complex, calculated from the half-wave 
potentials of the first wave, was pK, = 2@4. Considering the great difference in 
ionic strength, this value compares favourably with the values 21*0,213,21.1 and 20.5 
previously determined by potentiometric titration.‘-’ 

The interpretation of the second wave IS more difficult. The half-wave potential 
of this wave was constant, independent of excess reagent, pH and the kind of sup 
porting electrolyte. Consequently, the double wave is not from the reduction of two 
copper complexes of different composltton or mrxed ligand complexes. The effect 
of temperature and the height of the mercury column on the second wave, indicates 
that the current is controlled neither by diffusion nor by kinetic reactions. At a 
given pH, the height of the second wave IS proportronal to the concentration of 
copper and to the height of the mercury column. The current did not, however, reach 
a limiting value with increasing concentration as in the case of catalytic and classical 
adsorption waves. 

The double wave may, however, be the result of an inhibited electrode reaction.8*sJ0 
The DTPA hberated at the electrode during the electrolysis is therefore assumed to be 
surface active and to accumulate on the electrode surface during the life of the drop. 
The effect will then be similar to the addition of Triton (Fig. 1), and the reaction will 
be partly inhibned until the desorption potential is reached. When the applied 
potential is increased above this value (about -0.7 V us. S.C.E.), the film is desorbed 
and the current will rise to its original value. 

Equipment for oscillographrc current/time curves* was not available in this 
laboratory, but a detailed inspection of undamped polarograms indicated that an 
inhibition mechanism occurred at the electrode and the height of the second wave 
increased proportional to the height of the mercury column, as in the case of limiting 
penetration currents.’ 

At a given pH value the ratio of the two waves, and hence the degree of inhibition, 
was found to be independent of excess DTPA in the solution, indicating that only 
the DTPA species liberated at the electrode during the electrolysis is surface active. 
Hence, the electrode reaction cannot be completely inhibited as by the addition of a 
large amount of Triton X-100 (Fig. 1). The DTPA anions are desorbed at a less 
negative potential (-0.7 V) than the neutral Triton X-100 molecule (-1.3 V), 
indicating that the desorption potential depends on the charge and type of inhibitor 
present in the electrolyte. 

It is of interest to note that the second wave does not appear on polarograms 
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recorded from soluttons of pH less than 5. In this pH range &,A*- is formed during 
the reduction and is probably less surface active and not so strongly adsorbed as the 
HAI- and A5- species liberated at higher pH values. 

The co-ordination number of copper IS six m the copper-EDTA complex and 
accordmg to Kirson and Citron the complex exists as a polymer m solution.11 By 
the addition of ammonia to the solution, the polymer is disrupted mto single 

units.‘* A similar polymer wrth hexaco-ordinated copper is probably also formed m 
DTPA solutions, the six co-ordination being completed by weak intermolecular 
Cz?zO..* Cu linkages. When ammonia or ethylenedjam~ne was added to the copper- 
DTPA chelate in phosphate buffer of pH 9-12, the blue colour of the complex 
increased in intensity. Polarograms of these solutions exhibited two waves as m 
phosphate buffers, but the height of the first wave increased at the expense of the 
second one upon additron of ammonia or polyamines to the supporting electrolyte, 
whereas the half-wave potentials remained practically constant. At a given pH 
and excess ammonia or ethylenedlamine, the ratio of the two waves was constant and 
independent of other electrolytes present (Fig. 4). These experiments indicate that 
the DTPA species liberated at the electrode is less surface active and that a smaller 
amount is adsorbed in the presence of ammonia. It is possible that this effect is 
caused by a disruptlon of the polymer and the formation of a mixed ligand complex 
similar to that in EDTA solutions. No mixed ligand DTPA complexes have yet 
been reported in the hterature, but the existence of a spur-ammonia-DTPA 
complex may probably be verified by infrared experiments as in the case of the EDTA 
complexes.11o12 

&snx~&ass1~@--l3as polarograpbrschc Verhaken vott Kupfer in 
Gegenwart von Uberschbssiger DTPA wurde an der Quecksilber- 
tropfekktrode untemucht. In saurem Medium wird der Kupfbr (Ii)_ 
Kompkx reversibel rum A 

ma!!a 5 spaitet die Welk in zwe: auf un 
m reduziert. Bei pffWerten llber 

eme neue irreversibk Wcik erscheint 
bei negativerem Potenttal Ansteigen ds pa des Loiikktrolyten 
HI% dte zweite Welle auf Kostett der c&en anste~gen, wobci der 
Gesamt-Grenzstrom konstant bkibt. Der EinftuD van Temperatur, 
Quecksdherdruck, pi und DTPA-Konu?atration auf Grcnzstrom 
und Halbwellenpotential 
die S~bilit~~kons~~ 
DK: Doppelwelie wlrd ais 
reaktion gedeutet, wobei die 
R~kt~nspr~ukt~ an der 
angelegte Spannung fiber -0,N gegen dii ges&tigte Kalomeiektrode 
gestetgert wlrd, wlrd der Fdm desorbiirt, und der Strom steigt auf 
seinen epoch Wet-t an. 

R&u&--Le comportement polaro 
d’un cxc& de DTPA (acide &thy1 

phique du cuivrc en pr&ence 
Z uiamine pentaac&que) a Ct& 

&udd au moyen de Nectrode 8 outtes de mercure. 
,g 

En milieu acide 
ie complcxe du cutvte(iI) eat r&u t r&rsibtit en atnalgame. A un 
pH suphew B 5 la vague se d&double et uue nouvelk vague Mvcrsible 

“tpp”” 
ft B un potentiel plus n&gattf. A une -tation de pH de 

1 C ectrolyte support correspond une audition de la hauteur de la 
deuxltme vague aux &pens de la vague mitiale, la ~nnmt de8 courants 
de dtffuston restant constante. L’effet de la temp&ature, de la preasion 
du mercure, du pH et de Ia concenttntion de DTPA sur le coutant de 
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dtffusion et sur les potcntiels de dernr-vague des deux vagues a etC 
CtudtC et la constante de stabrlite du comolexe Cu-DTPA a ete deter- 
min& a nouveau. La double vague est s;ppos& etre le resultat d’une 
reaction a l’electrode inhib&, cette mhrbrtron &ant due au depot du 
produit de r&iuctron sur la surface de 1’Clectrode Quand le potentrel 
apphque devient plus ntgatif que -0,7 V/E C.S le film est dborb& et 
le courant reprend sa valeur untrale 
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!htmary-Gcometry-related errors in instrumental neutron-activation 
analysis are defined and evaluated. Neutron-flux dtstributions, 
varlatlons in counting geometry, and intra-sampk neutron moderation 
and rclkction arc discussed in relation to these errors. Devices for 
error control arc described. 

NEUTRON ACTIVATION when combined with y-ray spectrometry and decay-rate 
analysis offers a purely instrumental, nondestructive approach to elemental analysis. 
Because of the high penetrativeness of neutrons and of y-rays, matrix effects are 
exceptionally small. In many cases, samples as large as 25-30 ml are analysed. 
Furthermore, in most cases, the results are relatively insensitive to differences in 
composition, sample volume or bulk density. With the introduction of accelerator 
systems for neutron production, this method, called instrumental neutron-activation 
analysis here, comes within the budgetary, space and manpower hmitations of 
many laboratories, and shows promise of taking a place among the estabhshed 
instrumental analytical tools of the modem laboratory. 

The physical concepts of the method, its instrumentation and some typtcal 
applications to routine analyses have been presented by Guinn and Wagner’ for the 
system used in the Emeryville Research Center of Shell Development Company. 
Using this system, Guinn and Johnson* have found instrumental neutron activation 
to be a reliable and convenient tool for routine analysis and to be especially valuable 
in quickly solving new or unusual analytical problems which by other methods would 
require considerable research and development. 

In seeking the greatest Rower and efficiency for this new method, it IS the task of 
analytical research and development to explore its variables systematically and to 
relate them to such analytical characteristics as sensitivity, precision and selectivity. 
As a part of this exploratibn, the present study has to do with errors related to sample- 
source geometry and to sample-counter geometry. In the typical activation deter- 
mination, results are calculated on the basis of a comparison of the respective count 
rates of a sample and a standard. Implicit in this comparison are the assumptions 
that sample and standard are exposed to the same neutron flux and are counted with 
the same counting efficiency. In practical activation sources, however, the neutron- 
flux distribution is non-uniform, and presents significant differences between and 
within sample spaces. Furthermore, for the detectors and’samples used, the counting 
efficiency varies significantly over the sample space. Thus the assumptions of constant 
flux and constant counting efficiency are not simply and exactly met. In an evaluation 
of the analytical consequences of this situation, this study presents surveys of neutron 
distributions and of counting efficiencies, relates these variables to certain errors in 
activation analysis, and describes methods for control of these errors. 
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Although the results are specific for the actual source used, the princtples evolved 
and the approach taken to control the geometry-related errors are expected to be 
generally applicable to other systems for Instrumental neutron-actlvatlon analysis 

EXPERIMENTAL 
Apparotlu 

Neutron source The neutron source used ts a modtfication of the source described by Gumn and 
Wagner’ and illustrated in Rg. 1. Neutrons are generated by the actron of bremsstrahlung. from a 
3-MeV Van de Graaff eketron accelerator with a gold target, on beryllium m a Cinch cube of the 
metal. The moderator is Santowax, a radtation-resistant wax Neutron shielding is accomplished by a 
Boral cover and by bone and around the stde and bottom of the assembly 

ELE\ ATlO> 
I -I . a 

I 
/ ////Wf / 

\ NEUTRON 
SHIELDS 

PLAN 

FIG. 1 .-The photoneutron source. 

seinriuorion eoanter: Well-type NaIfll) crystal is used to yield rnaaimum counting effkkney and 
toadtkvctbemm&stvarWonincountinggarmtrymthsampkvolume. Tbewellaaxrmmodates 
p l vaikbk l-oz polycti~ykne bottles, as shown in Fig. 2. Tbc over-all dimahm of the 
m dinwa x dep& ir 3’ x 3’. 

Fluxdistribution pattans are dcmmimd by activating aod counting gold foils (usually ahut 20 
mg of 04 mil goki sheet) supported iu appropriate posltl0ns on pe - we cdb+ulc tape. 

‘Ibe position of the X-ray beam relative to tbe beryllium block is dewmined phomgmphically 
with the aid of X-my wnritive polyvinyl chkmde sheet.’ 
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FIG. 2 -Cross-section of scmtlllatlon well detector wtth sample in wetI 

The neutron-flux levels m d&rent sampk ports are dctermtned by actlvattng and countmg a set of 
nearly ldentlcal standards, co” , gold fads, or suttable solutions, such as 0 1% manganous nitrate, at a 
gtven level tn sampk ports around the core. 

Volume effects and height effects are determtncd m an analogous way using morutors Irradiated 
and counted under the condmons being tested 

Posiriomng errors 
RESULTS AND DISCUSSION 

Posnronmg errors are defined as errors attrtbutable to drfferences m neutron flux 
at a gtven level from sample port to sample port. A typrcal posttioning error pattern 
IS given m Frg. 3. Also shown in thts figure is the correspondmg beam-to-core 
onentatton, accordmg to the photograph for this positioning run. A comparison of 

FIG. X-Positioning error with an unccntrcd beam 

the pattern and the diagram illustrates the main dimensional and geometric effects 
on the pattern. In particular, positions 5-8 show a generally higher flux than positions 
l-4, which correlates with the beam being located closer to the former positions than 
to the latter. Furthermore, a geometric correlation is observed in the similarity of 
the pattern for positions l-4 to that for positions 4-8; thus the symmetry of the beam 
scan is reflected in the symmetry of the positioning pattern. 

The correlations observed above are generally found throughout a series of 
positioning runs. However, the variability of the patterns from run to run is great 
enough to reduce the value of any single pattern as a calibration standard. 

me position-to-position variation and the run-to-run variability are largely 

attributed to the strong dependence of the neutron flux on beam-to-sample distance. 
An rllustratton of this effect is given-in Fig. 4, which presents the changes in neutron 
flux in the sample space with changes in the distance from the beam centre to the 
sample (see inset in Fig. 4). According to Fig. 4, the gradient for the centred beam, 
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i.e., at a beam-sample distance of 34 inches, 1s 16-20 relatrve y0 per inch. For a 
beam which is 0.25 inch off centre, this gradient corresponds to a dtfference of S-IO% 
between fluxes in ports on opposite stdes of the core and, therefore, yields a poa- 
tionmg pattern like that of Fig. 3. In terms of precrsion, the above effects yield an 
error component of about 3% relative standard devration. 

Another view of the effect of flux distribution IS given in Fig. 5, which shows how 
the flux varies with distance from the beam axis for a centred beam (see Inset in Frg. 5). 

EXPERIMENTAL 

ARRANGEMENT 

MONITORS 

> 
!i IO L 

icJ , , , , t l, 

0 I 2 3 4 5 6 1 

DISTANCE FROM BEAM CENTRE TO SAMPLE PORT. MWWS 

FIG. 4.-Effect of beam-to-port d&ance of flux m the sample port 
(beam posxtton vanable). 

The sharp flux-distance gradient has the same implications as m the preceding discus- 
sion. A smaIl maximum in the flux distribution IS found m the reflector near its 
interface with the core. This maximum, signifying a local accumulation of neutrons 
in the reflector, is attributed to the fact that in comparison with the berylhum of the 
core the wax moderator has greater moderating power and a smaller neutron capture 
cross section4 The dist~bution of Fig. 5 is measured at the top of the source, i.e., 
above the level of Sample C in Fig. 1. Experimental determinatton of distributions 
at lower levels are not feasible in this system, but results from other systems, to be 
described elsewhere, indicate that maxima at lower levels are less sharp. The develop 
ment of the maximum near the interface has the effect of reducing the error from 
inhomogeneity within a cross-section of the sample. 

&z&es for ~o~troIii~g the ~s~tioni~g error 

Foilmonitors. Flux monitors of gold foil are attached to the tops of the containers 
of samples and standards, carried through the irradiation, and counted to yield a 
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position-to-poatron flux cahbration for the respective irradiation. Use of monitors 
is simple, but rt contrrbutes an addrtronal counting error to the result. 

“Ltzzy Susan” sumpie rotation. If the sample ports and core are radially symmetrical 
with respect to an axis, rotation of samples about that axis eliminates errors from 
beam wandering and core-to-beam eccentnctty. In practrce, some variatron is 
usually found from positron-to-position because of dtssymmetries in the rotating 
assembly, i.e., in the interrelationshlp of ports, core, and axis of rota&on. However, 
if the axis of rotation is accurately centred wrth respect to the ports, the pattern of 

PLAN OF 
EXPERlMENTAL 
ARRANGEMENT 

REFLECTOR- 
MODERATOR 

DlSTANCE FROM BEAM CENT% ~nchcs 

FIG. %-Effect of urn-t~mon~tor distance of flux dist~butlon transverse to the heam 
(beam position tixed). 

flux variation from these dissymmet~~ is repr~u~ble and, once determine, may be 
used as a calibration curve. 

The offcentre beam position. If only one sample and one standard are to be 
irradiated, excellent flux uniformity can be achieved by scanning the beam parallel 
to and about 1 inch from one edge of the core, as shown by the beam position with 
the solid outline m Fig. 4. In this beam-to-core orien~tion, two effects compensate 
each other to form a maximum in the plot of flux available to the sample US. beam-to- 
port distance as shown in Fig. 4. The compensating effects which result in the maximum 
are (1) a decrease in ii ux with increase in beam-to-port distance resulting from inverse 
square attenuation and neutron capture and (2) an increase in flux with increase in 
beam-to-port distance because of an increase in the fraction of b~msstrahlung beam 
falling within the beryllium core. 

Volume errors 

The volume errors in this discussion are those errors in activation analysis 
attributable to differences between the volumes of samples and the volumes of their 
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respective comparison standards. In this investigation of these errors, the variables 
studied are: (1) dtfferences m neutron flux at different levels within the ports, (2) 
enhancement of intra-sample neutron flux with increase of sample volume, and (3) 
differences in countmg efficiency at different levels in the detector well. 

The relationship between neutron flux and height within the sample port IS 
shown in Fig. 6. The three sample positions Indicated in Fig. 6 correspond with the 
sample levels shown in Fig. 1, the diagram of the neutron source assembly. It IS 

+ A -- -3---B=- 
- 

r 
BERYLLIUY CORE - 

L 1 # I I 
2 3 4 5 6 7 5 9 I 

DISTANCE FROU BOTTOM OF SOURCE. inches 

Fro. 6.-Flux distribution parallel to the beam axis 
(vertical distribution). 

evident from Fig. 6 that the neutron flux available to the sample depends strongly 
on the height at which it is situated in the sample port. It is also evident that both 
the sign and magnitude of the intra-sample flux-to-height gradient depend strongly 
on the choice of height at which the sample is irradiated. For example, for a sample 
in position A or position B of this source, the neutron flux increases with increasing 
height, cf., Curve 1, Fig. 7; however, for a sample in position C, the neutron tlux 
decreases anh increasing height. 

In instrumental neutron-activation analysis, the counterpart of the flux-to-height 
variation is the variation of counting e5ckncy with height in the detector. The latter 
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relatlonshlp, shown in Curve 2 of Fig. 7, is largely determmed by the sample-well 
geometry. 

The count rate measured m a practtcal actlvatlon analysis, which is cafIecl the 
activation count rate here, IS a function of the product of the neutron flux and the 
counting efficiency. Correspondmgly, the vanatlon of activation count rate with 
height in a given sample space varies with the product of the respective flux- and 

SAMPLE VOLUME 

/ ‘/ ‘, 

NEUTRON 
SObliCE 

VOLUME INTERVAL ml 

FIG. ?.-Iotra-aampk hetght effects for the B-kve1 sampk space of Fig. 6. 
Abow: Dgagram of mtra-sample volume segments. 
&low: Data plots for total counts from *‘Na y-rays. 

0-Variabk hetght m source: cons&tat height (C-S ml) m counter. 
O_Vanabk height in oounter: constant height (O-S ml) m aourw. 
n-Activation count-rate OS. vohtme mttrval: sampks irradiated 

and counted 1x1 same volume intuval. 

counting efficiency-height variations. This inter-relationship is illustrated in Fig. 7 
for irradiation in the B position of the present source (Figs. 1 and 6). In this situation, 
the height-flux gradient (Curve 1, Fig. 7) is opposite in sign, but nearly equivalent in 
magnitude to the height+zounting efficiency gradient (Curve 2, Fig. 7). Thus these 
two efkts in an activation analysis may approximately cancel each other to yield 
a relatively small dependence of activation-induced count rate on height, as shown 
in Curve 3, Fig. 7. However, a quite different relationship may be found for irradi- 
ationa carried out at a dilIerent height in the sample port. For example, samples 
irradiated in the C-position of the present source (Figs. 1 and 6) are exposed to a 
neutron flux which dm with increasing height in the port. In this situation 
the flux-height gradient and the counting efficiency-height gradient enhance each 
other to yield a relativety strong dependence of activation count rate on sample 
height. It is clear, therefore, that the magnitude of errors pSSibk from discrepancies 
between respective sample and standard volumes varies widely with differences in 
the height at which irradiations are carried out. 
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The preceding dtscusaon deals with changes accompanying the displacement of a 
small volume segment along the vertical axis of the counter well and/or the sample 
port of the neutron source. On the basis of these effects, esttmates may be made of 
the correspondmg changes accompanying mcreases m sample volume. These 
estimates may be obtained by calculatmg the averages of the effects for the respective 
smal1 volume displacements, e.g., the counting efficiency of a lO-ml sample is approxr- 
mately the average of the counting efficiencies of the O-5 ml segment and the 5-10 ml 
segment in the crystal well. Thus the effect of increasmg volume on activation count 
rate may be estimated as the averages of the activation count rates for the appropriate 
small volume segments. For the results given in Curve 3, Fig. 7, these averages are 
given in Column 2, Table I. For comparison, the ex~rimentally-determIned count 
rates for the indicated sample volumes are given m Column 3 of this Table The 

TABLE I -EFFECT OF SAMPLE VOLUME ON SPECIFIC COUNT RATE OF 24Na 
PRAYS IN INSTRUMENTAL AfXlVATlON ANALYSIS 

Samples are irradiated in the posttlon indicated as W’ tn FIN. 1 
and 6 and counted ICI a well-type scmttllatlon detector 

Relative specific count rates 

Averages of rates 
Sample from corresponding Experimental rate 
volume, S-ml segments. Results for volume indicated 

mi of Curve 3, Fig. 7 
-- - 

5 l*oO 100 
10 I 02 

x 
E 1 03 
098 1 03 

25 0 96 104 

results in these two columns reveal that with increasing sample volume the experimental 
count rates exceed by progressively greater amounts the rates based on experiments 
with small volume segments. This difference is attributed to a third factor in the 
volume effect, namely, the effect of flux enhancement with increasing volume from 
intra-sample neutron moderation and reflection. This effect is more specifically 
demonstrated by the experiment and results shown in Fig. 8. Here it is shown that 
an increase in activation count rate is obtained in a sample segment without changing 
tts radiation position or counting position if the sample segment is flanked by segments 
of water as a reflector. This enhancement, as indicated above, is attributed to neutron 
moderation and reflection within the sample. In general, the magnitude of this 
effect for samples ranging in volume from 2-25 ml is smaller than the ~ux-height and 
counting efficiency-height effects. Nevertheless, it is important enough to be con- 
sidered in setting up the irradiation geometry for activation analysis of samples 
varying over a wide volume range such as this. 

A similar effect observed in activation analysis in the ORNL graphite reactor is 
described by Reynolds and Mullins as a neutron perturbation attributable to 
enhancement of the thermal flux by moderation of epithermal neutrons within the 
sample. 

By using the above considerations as guide lines m choosing the irradiation 
positions in the present activation system, good uniformity of specific count rate over 
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a relatively large volume range, 5-25 ml, has been obtamed. This uniformity is 
evident in the results of Column 3, Table I. Although the examples given here are 
from one neutron source and one detector, the prmciples and general approach 
described have usually been successful m analyses with other neutron sources, 
e.g., sources with berylhum cores of other shapes and sizes and fast neutron sources 
using the deuterium-tritium reactron to produce 14-MeV neutrons. 

It should be noted that volume effects other than those which are geometry-related 
exist, and may cause large errors. These other effects are principally radiation 

I Ix1 X El R 

-) 1.00 
P 

SAMPLE MYPU SAYPU 
WITHOUT WITH ONE WITX Two 

REFLECTORS RSFLCCTOR REFLECTOR 

FIG. 8.-E&43 Of ltltra-sampk IlCUtlVXl IdktlOn. 
Boxes show sample(X)-reflector(R) at~~grmcnts. For the sampks irradiation positlon 

and counting gcdmetry arc held constant. 

absorption effects, i.e., variations in self-shielding of neutrons and self-absorption 
of /3 rays and y rays with variation in sample volume. These. effects will be described 
elsewhere. 

CONCLUSIONS 

Geometry-related errors in instrumental neutron activation analysis are of two 
types, ok, positioning errors and volume errors. Positioning errors are those which 
arise if samples and their comparison standards yield different specific count rates 
because of a variation in neutron flux from port-to-port around the source. In 
studies of this error, the port-to-port flux variations are found to correlate with small 
variations in beam-to-port distance. Furthermore, considerable variability among 
port-to-port flux patterns is found as small accidental changes in the beam-to-source 
geometry are made from run to run. These effects are attributed to the relatively 
large flux gradients shown to exist in neutron flux distnbutions normal to the beam 
axis. In the control of the positioning error, port-to-port flux patterns are usually 
too variable to permit the use of a smgle pattern as a calibration standard. However, 
satisfactory results have been obtained by (1) using gold foils attached to each con- 
tainer as flux monitors; (2) rotation of samples about the beam axis on a “lazy Susan” 
to produce a uniform average flux to the samples; or (3) irradiation in an off-centre 
beam position chosen to yield excellent flux uniformity to a single sample-standard 
pair. 

Volume errors are those which arise if the specific count rates of sample and 
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standards are different because of differences in thelt volumes. The effects found to 
be the sources of geometry-related volume errors are the following: 

(1) varlatlon rn countmg efficiency with height in the detector well, which is 
found to be in general agreement with the variation predicted on the basis of solid 
geometry; 

(2) variation m neutron flux with height m the port of the neutron source, which 
IS characterised by a maximum flux near the midline of the core; and 

(3) enhancement of neutron fiux with Increase in sample thickness, which is 
smaller than the preceding effects and is attributed to intra-sample neutron moderation 
and reflection. 

From surveys of these effects on a particular system, an optimum irradiation 
position may be chosen in which respective height gradients compensate each other 
so as to yield a mmfmum variation of activation-induced count rate with changing 
volume. 

This approach to control of the volume error is especially important in analysis 
m which large volume ranges are Involved, e.g., 2-25 ml. The principles and methods 
are expected to be apphcable to instrumental activation analyses with other source- 
counter combmatlons 

Zusammenf~ng-Geomeetrlsch bedmgte Fehler bc~ der Neutronen- 
aktlvlerungsanalyse werden definrert und berechnet. NeutronenfiuD- 
vertedung, Verlnderungen der Ziihlgeometrle und Bremsung und 
ReflexIon von Neutronen m der Probe werden m Bezug auf diese Fehler 
dlskutlert Vorrlchtungen zur Fehlerkontrolle werden angegeben 

Resume--On dtfimt et &value les erreurs dues B la gtom&rle des 
Instruments dans I’analyse par acttvation neutromque. On dlscute la 
dlstrlbutlon du flux de neutrons, la varlatlon de la gkomktne de 
comptage, la mod&ratlon et la r&Ie-ctlon des neutrons & l’indrteur de 
l’tchantlllon On d&rlt des dlsposltlfs pour contr6ler la erreurs. 
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S-d-The thailiumQballiumr” electrode reaction has ban 
studied by hydrodynamic voltammetry at platinum anodes and cath- 
odes. Conclusive evidence is presented that the elcctro-oxidation of 
tbc aquo ion lI+ and the ekctroreduction of TP+ proceed via a 
bivalcnt thallium species. Tballiumlx is a stronger oxidant than 
thaUiumxxl ion. In 1M aqueous perchlonc acid the rate of the dls- 
proportlonation process 

2TpI 4 n+ + n*+ 

is relatively fast compared to the electron transfer steps 
W+c+Tl+ 
TP+ + e + TPI. 

THE investigation described below was devoted to the heterogeneous electron-transfer 
process 

Tla++2e%Tl+ (1) 

occurring at a platinum indicator electrode in a 1M aqueous perchloric acid sup 
porting electrolyte, where the aqua-ions of univalent and tervalent thallium are the 
overwhelmingly predominating stable species. In view of this situation, equation (1) 
is of fundamental significance, as a possible example of a “single-stage two electron 
transfer” mechanism in an electrode reactron. In terms of a corresponding physical 
picture, this implies that the transfk of both electrons be completed during a single 
vibrational transition of the activated complex, i.e., within a time interval of the order 
of lO-U sec. For “purely chemical” electron-transfer processes occurring in homo- 
geneous solution (e.g., electron exchange between tagged and untagged ions involving 
two oxidation states of the same element; “cross reactions” involving two different 
couples, such as the oxidation of chromium I* by cobalt”‘) this questron has been the 
subject of a historic controversy. On the one hand, the Haber-Weiss school argued 
(I priori that all electron transfer processes must necessarily be resolvable into ulti- 
mate “single electron transfer steps”;sJ on the other hand, experimental evidence to 
the contrary was adduced .’ As far as the thallium%halliuml couple in perchlo& 
acid is concerned, rate studies of the homogeneous electron-exchange process 

-l-l+ + ++ rQ* =“& m3+ + l Tl+ 
(2) 

l Based on a doctoral thesis by H. A. C. The senior author (J. J.) has had the benefit of the 
inspued guidance of Professor Kolthoff in an carlter study devoted to the voltammctry of tha1hum.a 
It is fitting that be contribute to this Honour Issue a paper on a related tops. 
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drd not permrt dtscrrmmation between the two alternatrves.5 However, kmetic data 
mvolvmg the oxidation of non tx by tervalent thalhum were interpreted6 as being 
consistent with the formation of a brvalent thalhum Intermediate in accordance with 
the equations: 

Fe2- 7- TB’ -+ Fe3” + Tl” (3) 

Tl” + Feaf --+ Fe3* + Tl+ (4) 

The elucidation of the mechanism of the thallium’-tha11ium’” electrode reaction 1s 
timely, because it has been suggested that stmilar transition states may be involved in 
electrode processes and in homogeneous electron-exchange reactions.’ Vetter and 
Thiemkea have presented experimental evidence which is compatible with the as- 
sumption, that in 0.5-7.5 A4 aqueous sulphuric acid, reaction (1) proceeded ma the 
two-step sequence. 

Tl”’ tl, Tl” 4-t Tlr (5) 

In the investigation described in this paper, tt has been shown conclusively that in 1M 
perchloric acid the thallium’-thallium ‘I‘ electron transfer at platinum electrodes 
occurred by the following mechanism. 

Electroreductron of aquo-thaliwm”’ ton. 

2[TP- + e rale IlA%,n,og* Tl”] 

2 TI” kdiW 
fast + TI’ + TP” 

W 

(7) 

Electra-oxidation of aqua-thalluunl ion* 

2[Tl- k,,o 
rate determrnlng~ I-1” + 4 W-4 

2 Tl” kdr.pr 
fast + T13+ + Tlf (7) 

implicit in equation (7) IS direct evidence that the standard potential of the couple 
Tlrl/Tlf must necessarrly be more anodic than that of the TP-/Tl+ couple. This 
accounts satisfactorrly for the fact that bivalent thallium has never been prepared as a 
stable species in quantities amenable to chemical characterisation. 

EXPERIMENTAL 

The methodologtcal approach employed for elucidatmg electrode k5nettcs was the technique of 
“hydrodynams voltammetry”, developed m these laboratortes and previously descrmed.*-ll Current- 
voltage (c.v) curves were recorded m a rotated electrolysts cell m whrch the electrolyte solution 
streamed past a stattonary mdtcator electrode under Judtciously controlled condnions of laminar 
flow.” The rates of the prevathng mass transport (between the bulk of the electrolyte solution and the 
rndicator surface) corresponded wrthm 1 yO to a forced convectron model drscussed in an earber 
paper,‘O and charactensed by the followmg equattons. 

I = fnFAmt(at - ato) (8) 

I1 = fnF&ntat (9) 

ml = ,#D~/+-1/6L-l/l (10) 
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which were vertfied m the present study. The symbols m equattons (8)40) have the following 
meantng: I = net current (A), asstgned a posmve or negattve sngn to denote reductton or oxtdatton, 
mpecttvely ; nF = number of coulombs/mole mvolved tn the oter-all electrode reactton; II = 
ltmtting current (anodtc or cathodtc); A = effecttve area of mdtcator electrode (cm?), m, = mass 
transport coeffictent (cm/set) for the species tdenttfied by the subscrrpt, (I,, u,O = actrvtty (moles/ml) 
of species I in the bulk of the solutton and at the electrode surface, respecttvely; p = a dtmenstonless 
frictton drag coefiictent; u = hnear velocity of solutton (cm+) past the Indicator electrode, 
D1 = a dtffuston coefficient (cm*/sec) defined rn terms of acttvtty gradtents,” Y = kmemattc vtscosny 
(cm*/sec), L = charactertsttc dimension (cm) of electrode, parallel to flow Concentrations of 

- LEAD-IN WIRE 

-GLASS TUBING 

MERCURY 
CON TACT 

FIG. l.-Planar wedge microelectrode 
{L = charactertstic dtmenston [see equation (1O)l) 

reactants and products at the indicator ekctrodc interface (which are not accesstble to dtrect experr- 
mental determination and are of cntrcal Importance in determining the values of the rate parameters 
In electrode reactions) were calculated on the basis of this mass transfer model Two mdtcator 
electrode geometries which yielded similar results were employed. rrz , a corncal micro electrode 
described previouslyr” (L = 
In Fig. 1. 

the slant height of the cone) and a planar wedge electrode tllustrated 

All C.V. curves were recorded in a rangeof potentrals between 0 2 and 1 7 Vvenus the normal hydro- 

P 
n ekctrode (NHE), where the platinum surface exrsted mvarrably ma reproductble “semt-oxtdrsed” 

arm, Pt(OH)a, charactertsed by Feldberg .- As a working reference electrode, a saturated stlver- 
silver chloride half cell (0.198 V vs. NHE), described by Lingane was used m conJunctton with an 
agar gel salt brtdge.r* Approprtate precautrons were taken to ehmmate any consequential contamm- 
ation of the ekctrolysis cell from the reference electrode. The electrolysis cell was constructed of 
polyethykrte. It was ascertained, with the aid of udlroc experiments carried out m all-glass apparatus, 
that the results obtained in this study were not affected by the polyethykne. 

Voltammograms were recorded with conventional automatic polarographs, mcludmg a Sargent 
Model XXI instrument, and a Leeds and Northrup Electrochemograph, Model E. Potentials were 
scanned at rates customary in conventional polarography, i.e.. l-24 to 3 33 mV/sec. 

All experunmts were carried out at 25.0”. Reagent-grade chemtcals and triply dtstilkd water were 
used. Cur-tent measurements were mproducibk to withm I1 “;. Potential measurements were 
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I 
I 

0 
I-0 08 0.6 

POTENTIAL of INDICATOR ELECTRODE 
“V vs NHE’ 

FIQ. 2.-Exampks of current-voltage curves obtained experimentally (flow velocity = 
79 cm/se): I+thodr wave obtained in lo-*M TP+, m the absence of Tl+; 

II-anod~c wave obtained m IO-‘M Tl+, in the absence of TP+; 
III-voltammogram obtained in mixture of 10-W Tl*+ plus 10-‘M Tl+; smooth 
curve recorded experimentally, points calculated theoretically on basis of 

Mechanism c. 
[supporting ekctrolyte: 1M aqueous HClO,; E,@: standard potential of Tl*+/Tl+ 
couple; g,,‘: genuine equilibrium potential in prcsena of 10-WTl*+ plus 10-W-Tl+ 

(- form8l potential)1 

p&se and aazrate to 0405 V. Because the rcsistana of the electrolysis all was 350 R and the 
maxitnum current measured was SO PA, corrections for iR drops were not neccssq. All potentials 
pDve been &erred to the normal hydrogen ekctrode (NHE), using the Stockholm Sign Convention. 
All rate pIusmeters reported in thts paper have been consistently defined in terms of the activities 
of the rtactatlts involved. This a plies to the rate constants used to chara&re 

co&c 
’ ekctron transfer, 

aswclla!4tomasstransport tents (m in equations (8>-(10)1 and diffusion co&Gents. The 
choke of %ctivity rate constants”, in preference to the more commonly used conventional “concen- 
tration rate constants”, was prcdkated by considerations of fundamen 
applicability (as well as convcnkncc 

tal consistency and general 
in correcting for ekctrical double layer &cts, when a 

# careful -on was given to the magnitude of possible corrections from e 
plicabk).U 

a%s of the 
ek&c double k)nr.l@~l’PJ@~‘” At the high ionic s used in this stud o( = 1). correct ‘ona 
for “n0n-q&5c adsorption” proved w zZh * in the precision 0 r the rate parameters 
detemaii (*30x for ekctron-transfer rate constants and f 10% for transfer co&cknts). The 
experimental conditions were such that spcci5c adsorption (as far as it can be assessed) was minimiscd. 
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AU stud- were carried out in a voltage domaid which was more positive than the potential of zero 
charge on platmum (~0 2 V m IM perchloric acid), where cations are generally not adsorbed * 
The sole amon present in apprecmbk concentrations was perchlorate, the spcafic adsorptlon of 
which IS known to be neghglble m our working range of potent&. 

RESULTS 

Altogether, approximately 100 voltammograms were recorded at several con- 
centrations and at-1 5 selected flow velocities in the ranges specdied below: 
(a) bulk concentrations of TP+: 

5 x 1O-s M to 5 x 1W M [3 x IO-’ < a,,S+ < 3 x lad moles/ml]t 
(b) bulk concentrations of Tl+: 

5 x 10-s M to 5 x lo-‘M [3 x lO-’ < a=,+ < 3 x lad moles/ml]t 
(c) flow velocities: 

5 to 90 cm/set. 
Values reported in this paper for rate parameters represent appropriately weighed 
averages of all of the relevant results, whose precision is indicated m terms of the 
standard deviation of the mean. The voltammograms illustrated in Fig. 2 are typical 
of the results obtained. As is evident from the figure, the cathodic wave was virtually 
unaffected by the presence of thallium’ ion and vice versa. Between the waves there 
exists a “zero current domain” (ZCD), in the potential range 1.0 < E < l-2:. 
Such a situation is characteristic of “totally irreversible voltammograms”,22 in- 
dicating that at voltages corresponding to the cathodic wave, the rate of the over-all 
reaction 

Tl++TP+ + 2e (12) 

was neghgible compared to the rate of the converse process 

Tls+ + 2e + Tl+ (13) 

and vice versa for the anodic wave. The interesting effect of flow velocity on volt- 
ammograms is illustrated by a typical “family of curves” shown in Fig. 3. 

DISCUSSION 

In interpreting the experimental current voltage curves, three plaqible mecha- 
nisms were considered for the electrode reaction (1); 

(A) A single stage two-electron transfer, viz. 

TP+ + 2e & Tl+ (14) 

l As a notable exception, Frumkin has recently reporteda that thallium* ion was adsorbed on 
black platmised anodes when present at a concentration of IM in the bulk of the solution. The effect 
was appreciable at potentials between 0 3 and 0 7 V, but demastd abruptly when the voltage was 
made etther more pontlve or more negative. 
ions may have been of si 

The only potential domain where adsorptIon of thalhum’ 

Frumkin’s data suggests I? 
ifkance m the present study was > I.2 V (vi& m/ro) Extrapolation of 

t at It would have been neghglble m that voltage range, even under ha own 
experimental conditions. However, in the pnsent mvestigatloa the maximum concentration of 
Tl+ was 5 x lo-*A4 (as compared to 1M in reference 21) and the electrodes we used were blank 
(rather than black) platinum. These factors can reasonably be expected to have reduced the ad- 
sorption of thallium* ion (if any) to negligible proportions. Accordin 

-d t Concentratrons were converted into corresponding activities, WI 
ly. it was ignored. 

activity cocffic~cnts. vn.,f~*+ = 0-65,/m+ = 0 54. 
the aid of applicable molanty 

+’ Actually, the ZCD is a re@on where C.V. curve III bad a very small slope, which coincided with 
the !zuo aurent axis within the precision of the present investigation. 
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for the cathodic wave of thallmmLrl ton; and for the anodic wave of thallium’ ion: 

Tl+ -& TP+ + 2e (15) 

(B) Two successive one-electron transfer steps, VIZ. * 

T13+ +I+ Tl” ,e, Tl+ (16) 

(C) A rate determining one-electron transfer followed by fast disproportionation of 
the intermediate in accordance with equations (6)-(7). 

These three schemes are examined crtttcally below, with a view to ascertaining 

POTENTIAL of INDICATOR ELECTRODE 
l V vs NHE” 

FIG. 3.-T,yp~cal “famdy of voltammograms” (of 10-BMfla+ m 1M HClOJ. iliustratmg 
over-all e&ts of flow velocity: I--13*7 cm/se: II-366 cm/see; 111-91~0 cm& 

(11 = limltmg current) 

whether they can account for the results obtained m this study. The applicable as- 
sumption was made that under the experimental conditions a steady state prevailed 
at any given potential (i.e., there was no transient variation of the measured currents), 
and rate laws characteristic of each particular mechanism were derived accord- 
ingly.s@*” 

The following general observations, common to all current-voltage curves ob- 
tained, were taken into account : 

(a) All cathodic and anodic voltammograms exhibited “shifts” as a function of 
flow velocity. The nature of these “shifts” is illustrated in the “normalised” 
voltammograms, shown in Fig. 4. These represent a replot of the data shown 
in Fig. 3 using as ordinate the quantity I/I, instead of I. 

l The symbol++ IS used to denote a “kmetlcally dlscrctc” electron-transfer step, i.e., one which 
prceeds in the forward (rcductlon) or reverse (oxidation) directIons via the same activated complex. 
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I I I I 

o-6 . 06 0.5--““’ 
POTENTIAL of INDICATOR ELECTRODE, 

l V vs NHE” 
Fro 4.-Normalised voltammogratns illustrating potential shifts 8s function of flow 

velocrty. Rcplot of data shown III Rg. 3, using the duncnsionlcss quantity i as 
0 1 

ordinate (I = cumnt at a given potential; I, = limiting current) 

Shifts of the type illustrated in Fig. 4 are characteristic of situations where 
the ascending portion of C.V. waves is controlled concomitantly by rates of 
electron transfer and by mass transport. Consequently, only those mechanisms 
were considered, in which the rate of at least one electron-transfer step is a 
kinetically controlling factor of the over-all reaction. 

(b) Without exception, in all of the voltammograms recorded in this investigation, 
the s 

6” 
ndard potential of the thallium”‘-thallium’ couple was located on the 

asce ding part of the anodic wave, rather than in the ZCD (see Fig. 2, Curve 
III), i.e., the apparent “overvoltage” of the cathodic wave was considerably 
greater than that of the anodic wave. This remarkable feature proved an im- 
portant clue in the elucidation of the electrode mechanism. 

Mechanism A 

From the viewpoint of formal “mathematical kinetics”, this is a well- 
known case. With respect to electron transfer, the following equations apply: 

I = I+ + I_ (17) 
L+ = 2 F A ks,, ago (18) 
I_ = -2 F A kl,, alo (19) 

b,, = kos,, exp 
[ 

2F 
a&i., - El rT 1 

k,,, = k&exp[U - +.XE - Ei.J2gT] 
(20) 

(21) 

where I+ and I_ denote the cathodic and anodic current components; k,,, and kl 8 are 
electron-transfer rate constants (cm/set) effective at the potential E, for reactions (14) 
and (IS), respectively; subscripts a and ‘1 identify activities of the thallium*” and 
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thallium’ ions, and g 1 denotes the standard potential of the thallmm”t-thalhumt 
couple. A crucial consideration charactertsing Mechamsm A is that the values of the 
specific rate constant, J&, and of the transfer coefficient, c+, must be identical 
irrespective of whether they are calculated form cathodic currents [equations (14) and 
(20)] or anodic currents [equations (15) and (21)]. The “sumeness” of rhese IWO rate 
parametres represents an unambiguous test as to whether only one transition state IS 
mvol~ed, which is mandatory whenever a genuine single-stage process prevails. 

The prevailing mass transfer model requires that the following equations hold: 

I 
2~~ = ma(as - as”) = m&al0 - a,) 

4,+ = 2 F Amsa, (23) 

Ii,_ = -2 F Am,a, (24) 

where the subscripts + and - denote cathodic and anodic limiting currents, respec- 
tively. In accordance with the steady state assumption, the a’s were eliminated 
between equations (17)-(19) and (22)-(24) yielding the following “general wave equa- 
tion”, which is applicable to voltammograms expected in the presence of either 
Tl+ or TP+, or both: 

(25) 

Theoretical C.V. curves, computed [from equations (20), (21) and (25)] for a solutton 
which contains 1O-3 M TP+ plus 10-s M Tlf, by assigning a variety of reasonable sets 
of values to the rate parameters k&, a, m, and m,, yielded the plots shown in Fig. 5. 
These represent a family of curves of a well-known type,2” ranging in shape from 

-6 

0’8 Oki OG 012 olo -0!2 -0!4 _0!6 _O!B -GO 

(E-E;,, ),'V" 

Fro. 5.-Theorcticol normabed voltammopns*‘, calculated m accordance with 
Mechanism A, for a solution contam’ 
(E = potential of indicator electrode; 

cqulmolar concentrations of Ti+ plus TP+. 
Y% ,,’ I: same as in Fig. 2. Values assigned: 

Q,,, = 0 500; m, = m, = 10-l an/set; k&as shown on each curve) 
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a “reversible” composite wave (Curve I) via a “totally irreversible*’ split wave (Curve 

III), to Tafel plots (Curve IV). Comparisons of Fig. 5, on the one hand, with the 

corresponding experimental voltammogram (Fig. 2, Curve III) on the other, revealed 
irreconcilable differences: For instance, E’, i in Fig. 5 is invariably in the ZCD, 
while in Fig. 2 it is located on the sigmoid section of the anodic wave. Quite generally, 
it was found that for all possible assignments of 

and 
0 < k!& < 00 

0 < ai,1 < 1 

calculations based on Mechanism A yielded C.V. curves which were significantly at 
variance with the experimental results. 

The utter incompatibility of Mechanism A with our experimental data has been 
substantiated further, using the following argument. Assuming that Mechanism A 
did prevail, the rate parameters kg,, and %,r were evaluated separately from ex- 
perimentally obtained cathodic and anodic C.V. waves. Using a procedure recom- 
mended in a classical paper by Laitinen et uZ.,~ equations (18)-(21) were applied 
to the “foot” of the waves where concentration polarisation was negligible. This 
yielded two discrete sets of values, one obtained from cathodic voltammograms of 
Tls+, and the other from anodic voltammograms of Tl+. The relevant data are listed 
in Table I. As can be seen in the table, the precision of the means in each set was 
better than f 10% for as1 and better than f30%, for kt i. However, the mean 
ki,, of the “cathodic set” differed by three orders of magnitude from that of the 

TAELJI I.--KINETIC PARAMETERS EVALUATED FROM THE -NlAL 
DATA ON THE MSUMPTION THAT hil!CHANISM A WAS OpeRATIvE 

Set of values obtamed from cathodtc waves of TP+ usmg 
quation (20) 

Flow velocny, cm/see 2a;, 1 k:,,, cm/see 

13 7 0 60 1.14 x 10-a 
25 4 0.55 1.25 x lo-’ 
36 6 0.55 0.45 x lo-‘ 
58 0 0 50 I.07 x lo-’ 
70.8 0.59 1.00 x IO-‘ 
91.6 0.58 0.61 x lo-’ 

Averages: a,,t = 028ztOO2, k:,,=(O9*02)x IO-‘ 

Set of values obtamed from anodtc waves of TI+ usmg quatlon (21) 

Flow veloctty, cm/xc 31 - a8.d kl,,. cmjsec 

6 96 045 48x10” 
130 060 90 x 104 
24 8 0 51 5.8 x lo-’ 
35 5 060 5.8 x IO-’ 
47 0 0 63 59x10-’ 
489 0.59 6.3 x lo-* 
72.9 0 50 7 1 x 10-a 
854 0 51 6 3 x lo-’ 
91 0 051 9.1 x 104 

Averages aa,1 = 0 72 f 0 03; k:,, = (7 f 1) x lo-’ 
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“anodic set”. The mean asi values of the two sets were discrepant by a factor of 
three. All this indicated compellingly that more than one transition state was in- 
volved in Reaction 1. 

Mechanism B 

Current knowledge of the chemistry of thallium suggests strongly that 
the reversible standard potentials defined by equations (26) and (27) [where the 
subscript 2 identifies the bivalent thallium species in equation (16)] 

RT a, 
E=E&+Fln- 

a2 

E=E~,i+~ln~ 

(26) 

(27) 

do not differ too much (unless Ei,, > Ei,2, which requires a spontaneous dispro- 
portionation of bivalent thallium and leads to Mechanism C). If they did, it should 
have been easy to prepare bivalent thallium either by electro-oxidation of thalliumx 
ion or by the electroreduction of thallium*” ion. Furthermore, if 

G.1 Q E30,z (28) 

the anodic and cathodic waves shown in Fig. 2 should have each been split in two, 
correspondmg to the appropriate discrete one-electron transfer steps. The precision 
and accuracy of the experiments was such that a corresponding resolution into a 
total of four one-electron transfer waves (in lieu of the two waves shown in Fig. 2, 
Curve III) would have been observed experimentally, whenever (E0,,2 - EO,,J > 0.05 V. 

The electron-transfer rate equations pertaining to Mechanism B are 

I+=FAk,,2~e+FAk2,,a,o (29) . 

I_ = -F A k,., ai0 - F A k,,, +” (30) 

Equation (31) holds concomitantly because a steady state exists 

da, - = 0 - k,,, aso + k,,, al0 = k,., azo + k,,, a20 
dt 

(31) 

Relevant rate constants, transfer coefficients and potentials are correlated as follows : 

k a.2 = k!.2 exp 
[ 

%,,@,, - E) gT 1 
k s.s = k&exp [(1 - a&E - Ei,+&] 

k&i = k!,i exp 
[I 

~,l@,l - E) & 1 
k 1.z = kO,,i exp (1 - %.3(E - Ei.1) :T 1 

(32) 

(33) 

(34) 

(35) 

E0 5.1 = 
E:,s + EO,,i 

2 
(36) 
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Elimination of all activity terms between equations (22x24) and (29)-(31) yielded 
the “general wave equation”: 

k, z k, 3 
u I+ 

I 
ml 

=- 

bc + k,,, + !?!$A! + !ki$ 

(37) 

Theoretical voltammograms corresponding to equations (32)-(35) and (37) were 
constructed with the aid of calculations similar to those employed in obtaining Fig. 5. 
Judicious comparison with experimental C.V. curves indicated unambiguously that 
Mechanism B could not account satisfactorily for the experimental observations, 
regardless of the values assigned to the rate parameters k&, k$, 05 2 and Q,~ That 
Mechanism B was indeed not operative is evident from the fact that ‘in an equimolar 
solution of TP and ‘I?+, where 

equation (37) requires that 

(38) 

RT f3 I = 0 at E = Ei,s = Ef,s + - In - 
2F fi 

(39) 

Mathematical proof, that requirement (39) is mandatory for Mechanism B whenever 
TP+ plus Tl+ are present in equimolar bulk concentrations, 1s offered in the Appendix. 
It can be seen in Fig. 2, Curve III (which is a typical example of a voltammogram 
actually recorded in an equimolar solution of TP+ plus Tl+) that the results obtained 
in this investigation were strikingly at variance with requirement (39). Consequently, 
Mechanism B has been ruled out. 

Mechanism C 

In accordance with equations (6x7) the following rate laws apply: 

I+ = 2 F A k,,, aso (40) 

I_ = -2 F A k,,, alo (41) 
Concomitantly, rate and potential parameters must conform with equations (32X36), 
mass transport is governed by equations (22)-(24), and the following Steady State 
Requirement [based on equations (7), (40), (41)] must be met: 

dzO - = 0; k,, aso + k,,, al0 = Skdlepr. (azo)” 
dt 

where b denotes the thickness of the reaction layer at the electrode surface. The 
corresponding general wave equation (obtained by appropriate elimination of the 
activity terms) has the form: 

k 
-Q II,, + 

k 

I= ms 
$ II,_ 

1 A 4.2 ; kl.2 
(43) 

m3 ml 
Theoretical voltammograms computed in accordance with equation (43) gave plots 
which proved, in all instances, identical with the corresponding experimental C.V. 
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curves. The excellent agreement is exemplified by the “calculated pomts”, super- 
imposed on Fig. 2, Curve III. 

Numerical estimates of rate parameters, calculated from experimental voltammo- 
grams on the basis of equation (43) are listed in Table II 

TABLE II-KINETIC PAL CALCULATED FROM THE EXPWMENTAL 
DATA ON THE ASUMPTlON THAT MECHANISM c WAS OPERATIVE 

Set of values obtained from cathodic waves of ‘IF+ using equations 
(40) and (43) 

Flow VdOCrty. cm/set k,,* (at 1 25 V)8 

13 7 060 1 14 x lo-‘ 
254 0.55 1.25 x lo-‘ 
36 6 0 55 0.4.5 x lo-* 
58 0 0 JO 1 07 x 10-e 
70 8 0 59 1.00 x 10-a 
91 8 058 0 61 x lo-* 

Average zS,. =056f003; kl,t==(09f02) x lo-* 

Set of values obtamcd from anodlc waves of Tl+ using cquatlons 
(41) and (43) 

Flow veIoaty emfscc (1 - oz.3 kl,% (at 1.25 Vy 

6.91 0.45 4.8 x IO-‘ 
13.0 9.0 x 104 
24.8 8:: 58 x lo-’ 
35 5 0.60 58 x lo-’ 
470 0.63 5.9 x lo-’ 
489 0.59 63 x IO-‘ 
72 9 0 50 7 1 x IO-‘ 
85 4 0 51 6.3 x IO-‘ 
91.0 0.51 91xlP 

Average: attl = 0.45 f O-05; kl,, = (7 f 1) x lo-* 

‘ Because E:,, and E&, arc not known, values of kl,, and kl, 1 
clTect~ve at g,, (= 1.25 V) have been reported. 

It is apparent that the values obtained at &en diierent flow velocities exhibited 
satisfactory “internal consistency” and the transfer coefficients %s and %,l approxi- 
mate 05 in agreement with reasonable (L priori considerations. This confirms that 
under the experimental conditions prevailing in this investigation, the thalliumr- 
thallium”’ electron transfer occurred via Mechanism C [equations (Q-o-()]. 

The endings that in 1 M perchloric acid the ~lli~I-t~~~rlI reaction in- 
volves a fast disproportionation of the bivalent intermediate, invites an interesting 
comparison with the report of Vetter and Thiemke.s In the presence of sulphuric acid 
in appreciable concentration, the same process was compatible with Mechanism 
B. It is noted in this context, that Vetter and Thiemke’s experimental results are also 
compatible with Mechanism C. In other words, their data did not permit discrimi- 
nation between Mechanisms B and C. The possibiity, that the shape of d.c. volt- 
ammograms may be sometimes inconclusive for the purpose of identifying mechanisms 
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of electrode processes, has been pointed out by Rrddiford.% The experimental srt- 
uation in the present investigation was fortunate in this respect. The genuine equilib- 
rium potential of the thallium’-thallium’n couple (Ej,, m the presence of equimolar 
concentrations of Tl+ plus T13+) was invariably located ourside the ZCD (see Fig. 2). 
This has permitted us to select Mechanism C as uniquely apphcable, without ambigurty. 
However, we desire to emphasise that there is no necessary contradiction between 
Vetter and Thiemke’s conclusions and ours. Quite possibly, the rates and mechanism 
of the thallium’-thallium”’ electrode reaction may be entirely different in perchloric 
and in sulphuric acids. Appreciable sulphato-complexationof thallium1 andthalliuml” 
ion is known to occur in sulphate media. 6s6 Consequently, the electroreactive species 
are not necessarily the same in the presence of sulphate as in perchloric acid (where 
the aquo ions prevail). Furthermore, the presence of sulphate and/or perchlorate 
may quite radically change the rates and the mechanism if, for instance, a “bridged” 
transition state were involved. It should be noted, in this context, that Mecharusm 
C may readily be converted into B if the rate of disproportionation [equation (7)] 
is slow compared to the rate of the electron-transfer steps (6a) and (6b). This is 
evident from the following scheme. 

PATH I - T13+ 4 c . t Tl” 4 ’ t Tl+ (44) 

PATH Ha PATH IIb 
Oxidation of TllI Reduction of Tlrl 

If the rate of reaction (7) is slow compared to the electron-transfer processes 

Tlrr & Tl+ (45) 
TlrI 4 TP+ (46) 

the over-all electrode reaction [equation (l)] must proceed via “PATH I” (as may 
have been the case in Vetter and Thiemke’s work). Alternative PATH II would be 
operative (as was the case in the present investigation) in the following situations 

r7 > r, (47) 

r, S r, (48) 
where the symbol r denotes the rate of the reaction identified by the subscripts (which 
are identical with the serial numbers of the correspondmg chemical equations listed 
earlier in this article). 

The possibility of a mechanism where r, & r, JW r, was rejected, on the grounds 
that it would be character&d by a gradual changeover from Mechanism C to Mech- 
anism B as a function of the concentration of the “primary reactants” T13+ and Tl+: 
reaction (7) is second order with respect to Tl”, while reactions (45) and (46) both 
have first order kinetics. Consequently, Mechanism B would be expected to pre- 
dominate at low concentrations of Tl+ and Tls+, and Mechanism C at high concen- 
trations. No such trend was evident in the present investigation. 

In conclusion, it is apparent that the thalliumln-thallium’ electrode reaction 
proceeds via a bivalent intermediate which is a stronger oxidant than Tls+. In aqueous 
solution, and in the absence of complexing ligands, the relevant redox potentials [iden- 
tified in expression (49)] 
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are characterised by the following relative properties: 

EL, ’ %,I (50) 

2% = E!,, + % (51) 

Disproportionation of bivalent thallium into TP plus TV, as required by relation 
(50), occurred in the presence of perchloric acid at a rate which was fast compared to 
reactions (45) and (46). 

APPENDIX 
Proof of rquifemenr (39) 

Because the denominator of equation (37) is finite, the nec&sary and suikent condition for 

I=0 WI 

is that the numerator be equal to zero, VIZ.: 

km. k,, k .kr. 
d I, + + - Ix,_ = 0 

m * ms 
Substituting for k the appropriate poteatial dependent expressions Iequations (32)-(3S)) and 
rearranging quatlon W), yielded 

exp [2E - (E:,, i E:,,)] 6) = - p_ 
8 I* 

Expressing (Ei,$ + I$J and the quotient on the right side in terms of equtvalcnt quanuttes via 
equations (36) (23) and (24), equation (A4) was obtained. 

(A41 

Applying equation (38) and taking logarithms, equation (39) was readily obtamed: 

(A4)-,Er.,,E;, + glnp 
1 
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B-Die Thall.ium(IJ- Tbaihum(III)- Eicktrodenreak. 
tion wurde mit Hilfe der hydrodynamMen Voltammetrie an Platin- 
anodcn und kathoden untersucht. Es werden s&hiss@ Ikwe$ 
dafbr angegeben, dass die Elektrooxydation des bydratruerten 
und dn E~~o~~tion van Ti’+ ttber eine xweiwernge tic 
verlaufen T!(D) ist ein st&ketes Gxydationsmittel ds T&III). In 
lm w&ssriger tkchl0rs&ure war dii Geschwindigkeit der v 
porttomerung 

2 n(o) -c n+ + “IF+ 
schnelf im Vergieich den Ele~~n~~~n 

Ti(ID+C*Tl+ 
und TP+ + c -+ Tl(lI). 

* Preliminary assignments of vahtes for two&&on transfer rate constants were made available 
to Dr. Marcus while the investigation described in this paper 
mcorpomted for documentation purposes in a recent tbxmtical 
results”. The values gtven m tho present article are considered 
prehmmary data reported by Marcus. 
Thus mvestigatton was supported m part by Public Health Servii Research Grant HE-02342 from the 
National Heart Institute 
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R&run&-La &action TP+/Tl+ aux tkctrodcs a ete Ctudite par volt- 
amptromttric hydrodynamique sur cathodes et anodes de platme. 
On montre que 1’6lectrooxydation de l’ion Tl+ en m&u aqueux et 
l’tlectror6duction de II*+ font mtervemr une forme divalente du 
thallrum. TI(I1) est un oxydant plus fort que Don thallique. Dam 
l’acide perchlorique 1 M la vitesse de la reaction de drsmutation 

2 Tl(I1) -, Tl+ -t l-l*+ 

est relativement raprdc cornpa& aux &apes du transfert electromque. 

Tl(II) -t e -+ Tl+ 

TIS+ + e + TI(I1) 
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POLAROGRAPHIC DETERMINATION OF CERTAIN 
MEDICINAL COMPOUNDS CONTAINING 

PICHLORACETAMIDO GROUPS* 
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Summary-A polarographic study has been made of a variety of com- 
pounds containing dichloracetamrdo groups, including N-f2,4drchloro- 
benzyl)-N-(2-hydroxyethyl)dichloracetamtde (chlorbetamtde). N-(4- 
mcthylsulphonylphenyI)-1,3d~hydroxy-2-p~pyldichloracetamide(racc 
ophenidol), N,N’-bis-(2cthoxyethyl)-NJV’-~xyIylene-bis-dichloracet- 
amide (teclozan), N,N’-octame thykne-bisdichloracetamide and their 
carrespondmg analogues. Analytical results are discussed from a 
quantitative and qualitative point of view with special emphasis on the 
stability of the compounds at various H and the effect of various 
elements or groups in the molecule on t Re half-wave potentials of the 
two resulting cathodic waves. 

INTRODUCTION 

IN the past, httle attention has been given polarographically to the drchloracetamrdo 
group in medicinal compounds. Chloramphemcol, D(-)-threo-2,2-dichloro-N-[/I- 
hydroxy-a-(hydroxymethyl)-p-nitrophenethyl]-acetamide, has been studred polaro- 
graphically by Hess l, Varela,e and Knobloch and Svatek 3 The emphases was, 
however, on the reduction characteristics of the nitro group rather than the dichlor- 
acetamido group. Elving and Ching-Siang Tang’ ~~8 have shown the polarographic 
characteristics of mono-, di- and trichloracetic acid as well as esters of these acids. 
In many respects the compounds described in the present paper are hke the esters of 
dichloracetic acid in that as long as they remain intact two cathodic waves result 
when polarographed. 

If the compounds are split by hydrolysis, only one cathodrc wave develops, 
showing all of the polarographic characteristics of dichloracetic acid. These com- 
pounds, being amides, are not as susceptible to hydrolysis as are the esters of 
dichloracetic acid. 

The mechanism for these polarographic reductions, representmg the successive 
removal of chlorme from the dichloracetyl portion of the molecule, would be the 
same as Elving has stated and for the same reasons:- 
First Cathodic Wave: 

Cl CHC~N’R 
/O jR 

P + H,O + 2e + ClCH,C-N + OH- + Cl- 

\R# 

l Paper presented before the Division of Analytical Chemistry 144th Meetmg, American 
Chemical Society, Los Angeles. California, April, 1963. 

t Fellow of tbe American Foundation for Wumrctutical Education. 
17s 
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Second Cathodrc Wave 

0 R 0 R 

+ H *O 4 2e 3 CH3C- N + OH- + Cl-. 
\ 

R 

It IS the purpose of this communication to show the polarographic characteristics 
of a variety of compounds containing the di~h~oracetamido group. The compounds 
have been divided into four major groups (Table I). 

Reagents 
EXPERIMENTAL 

All chemicals and organic solvents were reagent grade. Nstrogen was Edison’s dry high-punty 
nrtrogen. Distilkd water was used throughout as a solvent as well as in rinsmg the polar0 

The bufftrs were constant ionic strength (l&4) McIlvaine pH 3,4,5.6,7 and 8 b tl!? 
phic cell, 

en? and a 
25Mconstant ionicstrength aqueous ammonia-ammomum chloride buifer H 82. Unless otherwtse 
~~~p~~~.B~~~~~~~hic rnedra was O%f. *The b_t&rs were adjusted to the 

me4hum was changed: 
ers to the polarographic medmm the pH of the resulting 

in iO% methanol the pH was 0 2-O-3 unit higher; 
m 50% methanol the pH was nearly 1 unit htgher; 
m 70% methanol-10% ~,~~i~thy~ormamlde (DMF) the pH was 0+-&6 unit lower. 

Because the polarographic waves resultmg from the dtchloracetamrdo groups are mdependent of pH 
m the pH 

=Ye* 
studied, the pH mentroned m the text wrll refer to that of the a ueous buffer. 

Sampfe so uttons: Stock solutions of Group I, II and IV compounds (OWS, 8 *OOS and tW.WSM, 
respectively) were prepared in 50 ml of methanol. Recause of then poor solubility in methanol, 
@0025&f solutions of the cumpounds of Group III were prepared In SO ml of RMF. 

A#?We=r 

first. No martirnum suppremors. which might distort the resultmg waves, were added to any of the 
solutions. The half-wave potentials reported are not corrected for iR drop (cell resistance). A 
Reckman pH meter, Model G, was used to measure pH of the various buffers and solutions. 

Gmemf piocrdve for rewrditg the current-voftdge arves 
Five ml (by 

cmtainine the ii!Ltwl 
ipette) of the appropriate stock solutron ware added to a %-ml v~itunctric tIask 

buffer and methahol concentration. For Grows I. 1181~2 IV the medium 
consu&d’of 25 ml of the 1M buffer and 20 ml of methanol. For Groip Ii1 the maliutr~ consisted 
of 10 ml of 25M aqueous ammonia-ammonium chlonde buffer pH 8.2 and 35 ml of methanol. In 
each case the solvent mixture was allowed to cool to room temperature before addition of the sample. 
After the sampk additron, the solution was diiuted to volume with water and mixed. About 20 ml 
of this bt&cred solution was then pokrographed within 15 min and the rema&ng portion after 
standing 3 days at room temperature. Nitrogen was first passed through a wash bottle comaining the 
same solvent and buffer as the sample. then through the polarographrc oell containing the sampk for 
5 mitt to deeerate the medium. Durmg the recordmg of the poiarogram (0 0 to 
was passed over the surface of the solution but without disturbmg tt. 

~24 V) rtltrogen 
From the resul 

~~~~ the half-wave potentials were determined by the intersecting point method’ and the 
was determined by subtracting the extrapolated residual current from the eatrapolatal limiting 
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current at the half-wave potential of the first wave. The dlffuslon current of the second wave was 
determmed by subtracting the extrapolated hmltmg current of the first wave from the extrapolated 
hmttmg current of the second wave Usmg this approach a satisfactory method was apphcable. 
on a comparative basn, to all of the waves obtamed. The dlffuslon current constant (I) was calculated 
from data obtamed from these polarograms: I = ~Cm*W16 where I~ IS expressed m PA, C In 
mmoles (of the given compound)/htre, m m mg (of mercury)/sec and I m set (length of time for 1 drop 
of mercury at the stated potential at which the dlffuslon current was measured). 

General 
RESULTS AND DISCUSSION 

The polarographic waves of these dichloracetarmdo compounds are well-defined 
irreversible waves, in that they do not comply with the accepted criteria for reversr- 
bdity. The change in slope for both waves is gradual and usually over a 0-3-V span. 
The half-wave potentials vary with concentration (become more negative with 
increasing concentration). The average diffusion current constant (I) values are m 
good agreement, as shown in Table II. The I values for the bisdlchloracetamldo 

TABLE II 

I* =ld 
CmtPtW 

Group 

I 
II 
III 
IV 

Average I-Value Average I-Value 
for first wave for second wave 

1 55 1 72 
1 49 1 42 
2 92 3 32 
2.90 3 01 

l I 1s the dlffuslon current constant where Ed IS expressed m PA, C m 
mmoles/litre, m in mglsec and t in sec. 

compounds (Groups III and IV) are about twice the values of the mono-dlchlor- 
acetamido compounds (Groups I and II). This is added evidence that the resultmg 
polarographic waves are from the amount of the dlchloracetamido in the given 
compound. Even though the second wave is not as well-defined as the first, Its average 
I value is in close agreement with that of the first wave. This again is evidence for 
the reduction of the chlorines individually, from the dichloracetamldo group 

The temperature coefficient for these dichloracetamido compounds IS 1.5 to 
2.0% between 20” and 40”. On changing the mercury column height from 30 to 
90 cm, the ratio of i/h112 was found to be constant. The current resultmg from the 
reduction of these chlorine atoms is diffusion controlled current (I~) according to the 
existmg criteria. 

With none of the compounds did pH (in the pH 3-8 range) affect the wave-height 
or the half-wave potential of the freshly prepared solution of a given compound. 

The ionic strength of the media was varied from 0.1 to 0.5M wlthout affectmg 
any of the polarographic wave characteristics of the compounds The methanol 
content in the polarographic media was varied from 10 to 80%. With most of the 
compounds, the current decreases about 20 % when the methanol content 1s increased 
from 10 to 50%. The half-wave potentials usually become more negative (of the 
order of 0.03 to O-3 V) as the methanol content increased from 10 to 50%. 

With the Group I and II compounds, the diffusion current (corrected for residual 
current) for the first wave is proportional to concentration from 04002 to 04OlM 
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(the highest concentration tested). For the bls-dlchloracctamido compounds (Groups 
III and IV) the range is 04001 to 0401M. 

When related compounds were avadable, contaming the several amido groupings 
(acetyl, mono-, di- or trrchloracetyl), it was found that the polarographic waves are 
very closely related. With the trichloracetamido group, three polarographlc waves 
result. The first appearing to be marly reversible with a half-wave potential between 
O-1 and O-2 V. The second wave has the same half-wave potential as the first wave ef 
the dichloracctamido group. The third wave has the same half-wave potential as the 
second wave of the dichloracetarmdo group and the same as the single wave of the 
monochloracctamido group. The simple acetamido group results in no wave other 
than that of the residual current. With the various waves the diffusion current 
constants are quite similar. 

When polarographed, all of the compounds containing the dichloracctamido 
group resulted in two cathodic waves which are well suited for both the qualitative 
and quantitative analysis of the intact compounds as well as the main hydrolysis 
product, the dichloracetate ion. It is from this approach that the compounds will 
be discussed under their respective groupings. 

Group I 

EJect of ring substituents. The positiomng of the halogen atoms on the benzyl 
nucleus (Table III) alters the half-wave potential of the first reduction wave of this group 
of compounds. The 3,4-dichloro analogue’s half-wave potential is nearly O-2 V more 
positive (thus making the first chlorine of the dichloraceto group easier to reduce) 
than the 2,64ichloro analogue. Between these extremes the ha&wave potentials of 
the other halogen compounds are found. 

TABLE III.-POLAROGRAPHI~ REDUtImON OF aton I aswomms M 

BUFIXRED 50% MElXANOL 

R (@*~cH,cH,OH 

ka-Icl* 

R 
First wave Second wave Hydrolysed after 3 dry 

-El/~ I -&/* I at PH 8, % 

1 3,4dichloro 0.46 1.38 1.20 1.41 
2 2&dibromo 0.49 1 29 1.12 1.57 z 
3 4-chloro 0.50 1.38 1.19 140 47 
4 Z&dichloro 0.51 1.58 1.16 1.88 
5 2,6-dichloro 0.63 1.34 1 28 1.26 z 
6 4-C,HsO- 0.51 1.07 1.18 1.27 
7 4-C,H,O- 0.54 1 13 1.18 144 t3 
8 3.4-diCH,O- 0 55 1 21 1 18 1.52 
9 3,4-CH10t- 0.55 1 34 l-20 1.50 G 

The presence of various alkoxy groups on the benzyl nucleus (Table III) does not 
appreciably change the polarographic characteristics of the dichloracetamido gr&p. 

Ef/ecl of substituents on the ami& nitrogen. The changes in half-wave potentials of 
the dichloracctamido group resulting from the various groups on the tertiary amide 
are not extreme, as shown in Table IV. 

From the values (Hydrolysis, %) in the last column of Tables III and IV, the 
effect of the adjacent substltuents on the hydrolysis of the dichloracetamido group is 
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TABLE IV.-POLAROGRAPHIC REDWIION OF GROUP I COMPOUNDS IN 
BUFFERED 50 % METHANOL 

Cl 
I 

Cl- / 0 \ -CH,N-R - I 
COCHCI, 

R 
First Wave Second Wave Hydrolysed after 

-Ella 1 --El/l I 3 days at pH 8, % 
___ ---___ - 

10 -CH&H&H,OH 046 1 62 1.15 1 87 None 
11 -CH,CHOHCH, 0.47 1 78 1 1s 1.88 None 
12 -CH,CH,OH l 051 1 58 1 16 1 88 64 
13 -CH~CH#CH, 0 49 1 76 1 13 2 08 None 
14 -CH,CH@$H6 051 I.63 1 14 1 84 None 
I5 -CHICHIOCOCHI 041 1.90 1 10 2 18 60 
16 --CHICH~OCOCHFH,Cl 042 1 66 1 11 1 72 56 
17 -CH&H,CN 0 37 1.90 I 07 2 05 None 
18 --CHICHzCONH~ 0 45 1 77 1 16 1 80 None 
19 -CH, 0 50 1 80 1 14 2 07 None 
20 --CH(CH& 0 49 1 70 1 16 1 69 None 

,,KH,CH, 
21 -CH 051 1 84 111 1 97 None 

\CH,CHi 

* This IS the same compound as number 4 in Table III. 

qutte apparent. Only the compounds which contain the 2-hydroxyethyl group 
(numbers l-9) or the 2-acyloxyethyl group (numbers 15 and 16) attached to the 
amtde mtrogen show any tendency towards hydrolysis of the dichloracetamido group 
in the 50% methanol pH 8 medium at room temperature. This hydrolysis of the 
dtchloracetamtdo group may be followed polarographtcally through the reduction 
waves of the chlorme on the dichloracetyl group. As long as the dtchloracetyl group 
IS still attached to the nitrogen, the two resulting waves are those characteristic of the 
individual chlormes from the dichloracetamido group being reduced. When about 
10 % of the dtchloracetamtdo group is hydrolysed, a thud wave IS detected in the 
polarogram. The wave hetght of this third wave increases as the hydrolysis of the 
dichloracetamtdo group proceeds to completion. When the dtchloracetamido group 
1s lOO’+ hydrolysed, only one reduction wave remams which has all of the polaro- 
graphic charactertstics of dtchloracetic acid in this same medium 

With the vartous compounds containmg the Zhydroxyethyl group there is no 
apparent correlation between the rate of hydrolysis of the dichloracetamido group 
and the ease of reduction polarographically of the first chlorine of the dtchlor- 
acetamido group. It IS noted, however, that the amount of hydrolysis taking place In 
this pH 8 medium at room temperature in 3 days depends on the R-substituent of 
the molecule. The alkaliruty of the medium also plays an important role on the rate 
of hydrolysis of the dichloracetamido group: if the pH 8 buffer 1s replaced with 
O*lM tetramethylammomum hydroxide, the dichloracetamido group of chlor- 
b&amide is 100% hydrolysed within 15 min at room temperature, whereas in the pH 8 
buffer only 64% is hydrolysed after 3 days at room temperature. In an acidic medrum 
(pH 3) none of these compounds which hydrolyse at pH 8 showed any polarographtc 
signs of hydrolysis of the dichloracetamido group. 
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It is of particular interest to note the polarograms of N-(4_nitrobenzyl)-N-(2- 
hydroxyethyl)dichloracetamide in that both the nitro group and the two chlorines of 
the dichloracetamido group are reduced polarographically m 50 % methanol at pH 8 
(Fig. 1). The freshly prepared solution of this compound results in three waves 
polarographically (Curve A in Fig. 1). The first is the reduction wave of the nitro 
group. The second and third waves result from the reduction of the individual 

0 
I I 

VOLTS -kO -2.0 
FIQ. I.-Polarograms of OGOOSM soluttons in 50% methanol and pH 8 buffer: 

A-fresh solution, 
&J-day old solutton. 

chlorines of the dichloracetamido group. Curve B in Fig. 1 represents, polarographi- 
tally, the same solution only after it had been set aside for 3 days at room temperature. 
Only two waves are present in this polarogram, the first being identical with the 
reduction wave of the nitro group in the fresh solution. The second wave does not 
have the polarographic characteristics of either the reduction wave of the chlorines 
of the dicbloracetamido group but does have the same polarographic characteristics 
of dichloracetic acid in this medium. 

This is unequivocal evidence that the dichloracetamido group in the presence of a 
nitro group does contribute to the resulting polarogram of a freshly prepared solution 
in 50% methanol and pH 8, and that upon hydrolysis of the compound at room 
temperature that the dichloracetate ion contributes to the resulting polarogram along 
with the reduction wave of the nitro group. 

With chloramphenicol {D(-)-threo-2,2-dichloro-N-[B-hydroxy-a-(hydroxy- 
methyl)-~nitrophenethylJ-a&amide}, in the same polarographic medium as above, 
three reduction waves result which are similar to those in Curve A in Fig. 1. After 
3 days in this medium, the resulting polarogram is identical with the polarogram of the 
freshly prepared solution. This emphasises the stability of both the nitro and dichlor- 
acetamido groups in a compound not having a Zhydroxyethyl group present on the 
amide nitrogen to initiate the hydrolysis of the dichloracetamido group at pH 8. 

Group II 

With the compounds in Croup II only the aliphatic group attached to the sulphone 
or sulphide is varied. With the sulphone homologues, increasing the aliphatic chain 
from methyl to butyl results in a decrease in half-wave potentials (Table V), while 
with the sulphide homologues (Table V) an increase in half-wave potentials results. 
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Comparison of the sulphide, sulphoxide and sulphone analogues (numbers 28, 
27,22 in Table V) shows an increase of half-wave potential with an increase of oxygen 
content. 

With certain isomertc compounds, polarography has shown a difference between 
the isomers. With the three available isomers of raceophemdol (dl, Dd, and Ll) 
there is no apparent difference in their polarograms at pH 3 or 8. 

TABLE V -POLAROGRAPHIC REDUCTION OF GROUP II COMPOUNDS M 
BUFFERED 50% METHANOL 

R- / \ -CHOHCHCH,OH 0 - I 
NHCOCHClt 

R 
Fmt wave Second wave 

-h/* I --El/, I 

22 CH,SOI- 104 1.62 1 45 1.50 
23 C,H$O,- 0 97 1 51 141 1 38 
24 C,H;SOt- 093 2 12 1 41 204 
25 CH,=CHCH,SO,- 093 1 46 1 41 1 21 
26 C,H,SO,- 0 86 1.29 1 41 1 26 
27 CH,SO- 094 1 34 1.42 1 12 
28 CH,S- 066 1.30 140 l 

29 CIHIS- 0.69 1.35 144 L 
30 CH+IHCH&- 0 72 1 21 140 l 

31 C,H$-- 0 74 1.47 1.34 l 

l Second wave poorly defined 

Group III 

Compounds from the three other groups discussed in this communication dissolve 
readily in methanol while the compounds in Group III not only dissolve with difficulty 
but crystallise out of the buffered 50 % methanol media within a short period of time 
at room temperature. This series did dissolve readily in N,N-dimethylformamide 
(DMF), but on nnxmg with the constant ionic strength buffers, the buffer constituents 
precipitated in the presence of 50 % DMF. With less DMF the compound crystallises 
out of the media. On using a medium consisting of 70% methanol, 10% DMF and 
20% water (contammg the buffer) clear solutions with these Group III compounds 
result for at least 3 days at room temperature. Because of these solubihty problems, 
polarograms were run only at pH 8.2. For a given compound of Group III, the 
half-wave potentials and the wave heights from the resulting polarograms are the 
same whether the medium is 70 % methanol-10 % DMF or the 50 % methanol medium 
(before crystalhsation of the compound occurs). 

The half-wave potentials decrease about O-3 V when the structure of the compound 
is changed from a secondary to a tertiary amide (Table VI). 

With the tertiary amide series of compounds, the various substituents did not 
appreciably affect the polarographic characteristics of the given series of compounds 
when n = 1 or 0 (Table VI). If the benzene nucleus is replaced with cyclohexane, 
the polarographic characteristics are not altered appreciably. 

Compounds m Group III which possess the Zhydroxyethyl group attached to 
the annde nitrogen, as was the case with chlorbetamide and related compounds in 
Group I, result m hydrolysis of the dichloracetamido groups. The Zhydroxyethyl 
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TABLE ~.--pot~ROt3~~~tc RELMJClYON OF GROUP III COMPOUNDS M 

IBUFF~RED 70% METHAFWL-~O% DMF 

R-N-(CH,)n- / 

Cl&HA 
0 

\ -(CH,).-7-R 
- 

COCHCl, 

R 
First wave Second wave 

n 
-E,,, I --E,t* I 

:: -H -CH 
34 --C*Ff, 
35 -CH(CH,), 
36 -GH, 
37 --CH,CH,OH 
38 -CH,CH@C,H, 
39 -CH,CH,OCOCH, 
40 -H 
41 --CH, 
42 --c,H, 
43 -CH(CHJ, 
44 -CH(WCzHJ 

1 

: 
1 
1 
1 
1 

A 

8 
0 
0 

191 202 1.49 2*% 
0.70 3 26 1.26 3.47 
0.65 2.18 124 3.45 
0.63 2.22 1.25 2 26 
0.61 306 1 20 3 42 
0.65 2 27 1 28 2.26 
0.66 3.33 1.22 3 36 
0.61 2.95 1.19 2.92 

Single drawn-out wave 1 19 7.70 
0 69 2 82 1 21 3.98 
0.67 2 94 1 23 3 73 
0 69 3 07 1.28 3.99 
0.64 3 51 1 27 4 29 

TABLE VII.--hLARO0MpHIC REDUcnON OF GROUP 111 COMPOUNDS IN 

BUFFmED 70% LCPIHANOL-IO% DMF 

0 / \ - 
H.y-R 

cl&Hod bCHC1, 

R 
Fit wave Second wave 

-b I -El/* I 

45 -GH, 0.56 3 07 1 17 332 
46 -CIH,OH 0.62 3 22 1 24 3 08 
47 --CJ.I&CH, 0.55 3 18 1.14 3.63 

R-Ii+ICH,-@Hd-@H,-R 

Cl,CHoC COCHCl, 

Fit wave Second wave 
R -h I -E*/* I 

48 -CH, 0.47 3 12 1.15 3 36 
49 -C,H, 0.47 3 29 1.1s 342 
SO -CH(CH,), 0.47 3.21 1.15 3.42 
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compound (number 37 m Table VI) shows 77 ‘A hydrolysis after 3 days at room tem- 
perature and pH 8.2. The 2-acetoxyethyl analogue (number 39 m Table VI) shows 
only 15 % hydrolysis under the same conditions. Thts emphasises again the necessity 
of the free 2-hydroxyethyl group to initiate the hydrolysis of the dichloracetamido 

group 
Replacement of the benzene nucleus with naphthalene (Table VII) does not 

change appreciably the general polarographic characteristics. The 2hydroxyethyl 
compound (number 46 in Table VII), however, results in 60% hydrolysis of the 
dichloracetamido groups after 3 days at room temperature and pH 8.2. 

Replacement of the benzene nucleus with stilbene results in a series of compounds 
(Table VII) which are all the same polarographically, even though the aliphattc 
substituents attached to the amide nitrogen are different. 

Group IV 

This series of NJ’-his-(dtchloracetyl)-polymethylenediamines presented the 
opportunity to study polarographtcally two homologous series, one with the secondary 
amide lmkage and the other with the tertiary amide lmkage of the dichloracetyl group. 

With the secondary amide homologous series (Table VIII) the effect of increasing 
the distance between the two dichloracetamido groups by increasing the methylene 
groups from 2 to 9 is readily apparent. The half-wave potentials decrease (not 
linearly though) wtth the increasmg number of methylene groups. The decamethylene 
homologue 1s not listed m thts table because its first wave is entirely different from 
any other members of this series (or for that matter from any of the compounds 
studied). The half-wave potential of the first wave IS -0.79 V and has the appearance 
of a reversible wave (very steep slope). The slope of the second wave (-1.24 V) is 
similar to the other members of the series (gradual change in slope). 

With the tertiary amide homologous series (Table IX) the presence of the ethyl 
group appears to nullify any apprectable change m the half-wave potentials of these 
methylene homologues (n = 4 to 12). The trend, however, is the opposite of the 
striking effect shown by the secondary amide serves in that the half-wave potentials 
increase rather than decrease with the increasing number of methylene groups. It 
should be noted that with the tertiary amide series the half-wave potentials are 0.1 
to O-3 V lower than the correspondmg secondary amide. 

With the hexamethylene compounds (Table X) the various substitutions on the 
nitrogen result in very little change in the half-wave potentials of the two waves of 
the dtchloracetamido groups. Only two of these compounds show, polarographically, 
hydrolysis of the dichloracetamtdo groups. Number 70 in Table X which contains 
the 2-hydroxyethyl group attached to the amtde nitrogen and number 73 which 
contains a potentially available 2-hydroxyethyl group (2-acetoxyethyl analogue of 
number 70). Both of these compounds are hydrolysed 100% after 3 days at room 
temperature and pH 8, as determmed polarographically by the presence of only the 
dichloracetate ion reduction wave. 

Possible correkation between polarographicjndrngs and biologicar effectiveness 

Groups Z, ZZ and ZZZ. With the available data there is no clear-cut relationship 
between the biological activity of these compounds and their polarographic 
characteristics.*J0*11*12 



Determmatton of certain medtcmal compounds 185 

TABLE VIII.--pouRoGRAPHIC RELXJCTION OF GROUP IV COMPOUNDS IN 
BUFFERED 50% METHANOL 

HN-(CHAA’IH 
I 

Cl&HOC LOCHCl* 

n 

z: 2 3 
53 4 

54 
:: 

: 
7 

57 58 t 

First Wave 
-El/* 1 

1.05 4.42 
0.97 3.07 
0.87 2.71 
0.84 2.94 
0.78 2.69 
0.75 3.15 
0.71 2.48 
0.70 2 71 

Second Wave 

-h/1 I 

1.49 4 54 
144 2.76 
140 2 39 
1.33 2 62 
1.32 2.48 
1.27 3 73 
1.27 2 59 
1.23 2 61 

TABLEIX.-POLAR~GRAPHICREDUCT~ONOFGROUPIVCOMPOUNDSIN 
BIJFFERED~0%ME.'lHANOL 

C,HaN+CH&-NC,H, 
I I 

Cl&HOC COCHClt 

First Wave Second Wave 
n 

-ISIS I --E1/* I 

59 4 

z! : 
:: 7 

64 ; 
65 10 
66 12 

0 55 2 94 109 3.36 
0 56 346 1 09 3 52 
0 56 3.21 1 10 3 32 
0 57 3.09 1.10 3 08 
0.59 2.92 1.14 3 16 
060 2.52 1.18 3 06 
0.61 3.20 1.18 3 21 
064 2.57 1.21 2.85 

TABLEX--POLAROORAPHICREDVC~ONOPOROUPNCOMPOUNDSM 
Bvrrsllu,~o%MEX?UNOL 

R-N&I-I,),-N-R 
I 

cl*cHoc &OCHCl, 

R 
First Wave Second Wave 

--El/* I -El/* I 

67 -H* 0.78 2.69 
68 -CH, 0.55 2.76 
69 4&t 0.56 3.21 
70 AZ&OH 0.57 2.31 
71 -GH@z 0.57 2.70 
72 +H.OGHI 0.57 2.45 
73 -C,H,OCOCH, 051 2.43 

l This is the same compound as number 55 in Table VIII. 
t Thts IS the same compound as number 61 in Table IX. 

1.32 248 
l-08 2 66 
1.10 3 32 
1.16 2 74 
1.13 3 10 
1.18 2 86 
1.09 2 85 
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Group IF. Wrth the homologous serves of the secondary amrde compounds 
(Table VIII), when n = 2, 3, 4, 5, 6, 7, 9 or 10 the compounds possess amebrcrdal 
actrvity. This amebrcidal activrty IS found to increase with the mcrease in the number 
of methylene groups between the two drchloracetamrdo groups.r3 Polarographically, 
the half-wave potentials of the first reduction wave of the dichloracetamido group 
decrease, though not linearly with the increase m the number of methylene groups. 
When n is 8, however, the amebicidal activity is very low. On the other hand, this 
homologue (number 57 m Table VIII) has proved to possess the most effective 
antis~rmatoge~c activity of al1 of the compounds yet tested in either Group III 
or fV.1eJaJ4 Why the octamethylene homologue has such a singular potency as a 
spermatocide remains unanswered because the homologues (n = 7 or 9) have little 
such activity. Polarographically, one does note a uniqueness with the octamethyl- 
ene compound in that it shows a sharply defined prewave (at O-71 V) before the 
first reduction wave. None of the other homologues shows this polarographi~ 
characteristic. 

Wtth the tertiary amide series (Table IX), even though there is no consistent 
relationshtp between the length of the methylene chain and amebicidal activity, they 
possess (as a group) the greater amebicidal activity on comparing with the secondary 
amide compounds. I3 Polarographically, the half-wave potentials resulting from the 
reduction of the first chlorine of the dichlora~etamido group in the tertiary amide 
series are 0-I to O-3 V lower than those from the secondary amide compounds. 

With the various analogues of the hexamethylene series (Table X) there 1s little 
change in amebicidal activity. l3 These different R-groups had little effect on the 
polarographic characteristics of these analogues. 

CONCLWSION 

Because the first reduction wave of the chlonne from the dichloracetemido group 
is so well-defined, its wave height may be utilised in measuring quantitatively the 
amount of intact dichloracetamido compound in various pharmaceutical formulations 
(chiefly tablets, injections and feed premixes). The values obtained were within 
&2 % of label claim. The resulting polarograms, durmg a stability testing programme, 
of 1 year, were especially helpful in proving con~l~ively that the dichlo~~~~do 
group is stable in the pharmaceutical preparation as shown by the absence of the 
dichloracetate reduction wave. 

Zusammenfasstmg-An verschtedenen Verbindungen, die dtc Dtchlor- 
acetamtdogrupp enthalten, wte N~2,~dlchlor~~yl-)N-(2-hydroxy- 
&thy&} dic~o~~~~d (~lor~~rnid~, N-(~~t~ylsulfonylp~nyl-) 
1,3~ihydroxy-2-propy~dic~or~~id (Ra~phemdo~), N,N’-bts- 
(2-Hthoxyiithyl-)N,N’-p-xylylen-btsdrchloracetamid (Teclozan), N,N’- 
octamethylen-badrchloracetamid und analogen Verbmdungen, wurden 
polarographtsche Untersuchungen angestellt. Da analyttschen Ergeb- 
nisse werden vom quantitattven und quabtativen Gestchtspunkt aus 
diskuttert, mtt besonderem Nachdntck auf der Stabihtiit der Verbm- 
dungen bei verschtedcnen pkwerten und auf dem EmfluB verschiir 
Ekmcnte oder Gruppen im Molekui auf die Halbwe~en~tent~ der 
betden kathodtschen WelIen 

R&tnte-L’auteur a etudte par polarographre une s&e de com- 
poses contenant des groupes drchloroac&amtde comprenant N-(2,4d1- 
chlorobenzyl)-N-(2hydroxytthyl)drchloroac&amtde (chlorbetamide), 
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N-(4-~thylsulfonylphCnyl)-1,3-dlhydroxy-2-propyl-dlchloroacta- 
mtde (raceophentdol). N,N’-bts_(2_CthoxyCthyl)-N,N’-pxylylene-bts-dt- 
chloroadtamrde(teclozan), N,N’-octamCthylene-btsdtchloroa&anude 
et leurs analogues. Les rtsultats analytrques sent dtscutCs du pornt de 
vue quahtattf et quantrtatd en ntststant parttcuhbrement sue la stabthte 
de ces composes a drffirents pH et sur l’mfluence des elements ou des 
group varies sttuts dans la moltcule sur la potenttcls de demr-vague 
des deux vagues de rtductron 
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SCHIFF BASE COMPLEXES 

A NUMERICAL STUDY OF THE NICKEL”-PYRUVATE-GLYCINATE 
SYSTEM USING A HIGH SPEED COMPUTER* 

D. L. k+EU!NNG 
Mcphcrson Chemicsi Wxuatory, Ohio State University, Columbus, OhW U.S.A. 

(Recciaed 19 June 1963. Acccprcd 25 Septder 1963) 

Summary-A numerical study of the nickel’r-pyruvate-%ycinatc 
system is undertaken and a computer method of solving the pertinent 
equations is developed. Thcomtieal tttmtion curves usmg trial con- 
stants are calculated for cot&ions correspondmg to those used cx ri- 
mentally. The observed inter-rciationshqs between the V8hcS 0 r the 
cmstants, the ~~~t~tions of the reactants and the resulting t&m- 
tioa curves yield vaiuabk information regarding the impcrtan~~ of the 
various mtxed complexes under the diffcrmg conditions. The “best” 
set of constants which fits the experimental data according to the 
minrmum value of the sum of the s uarcs of the residuals, pHdO I 
-ph. . 9 i IS obtamcd. The results o the study lead to a procedure 
which should be apphcable to determuung the constants for mtxcd 
complex systems in general, 

SCHIFF base complexes partake in many interesting reactions. Pfeiffer and coworkers’ 
have demonstrated that enhanced rates of ester exchange and hydrolysis and oxidative 
de-amination can occur in these systems. The paramagnetic and diamagnetic pro- 
perties of the nickelu complexes have recently come under intensive study.**3 The 
investigations of Krumholz,* Figgins and Busch&se and Blight and Curtis” have 
resulted in interesting compounds having unusual properties. Of special importance 
is the role these complexes play in non-enzymatic transa~nation.6~6~7~8~~ In order 
to understand more completely the behaviour of Schiff base co-ordination compounds 
it is desirable to extend our knowledge of the compositions and stabilities of the 
complexes formed in solution. Such information is a prerequisite to the complete 
~ders~ding of any equilibrium or kinetic properties of these systems. 

One dif&ulty in the study of equilibria involving SchifT base complexes is the 
dissociation of the Schiff base itself:O i.e., in addition to the Schiff base-metal ion 
equilibria, there is superimposed the equilibrium between the Schiff base and its 
component amine and carbonyl compounds. In one approach to the problem a 
recent communication” points out the value of treating these species as “mixed 
compkxes” and using the Bjerrum titration method’” to obtain the data. In this 
earlier paper, whichconcerns the ~ckelx-p~va~~yc~~ system, Watters’ methodIs 
of obtaining the concentrations of combined and uncombiied glycinate was used. 
This method was feasible because a large difference exists in the basicities of the 
pyruvatc and glycinate ions, and the nickeln ‘* mixed complexes” form predominantly 
under conditions of pH where pyruvic acid is almost completely dissociated and 
uncombiied glycine is ionixed to only a very slight extent, An iterative procedure was 
used to obtain the formation constants of the species NiPG, NiPGe- and NiPeG%‘& 
(P- = pyruvate, G- = glycinate). 

In those systems where the “mixed complexes” are formed under conditions 
l prejrmtad in Part before the 145th National AC% Meeting, New York, 1963. 
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where appreciable concentrations of undissociated pyruvlc acid are present, Watters’ 
method does not apply. This was found to cause minor difficulties even in the present 
study and produces a more severe interference when the complexes of copper” are 
under investigation. Also, in systems of considerable Interest, such as those involving 
pyridoxal or salicylaldehyde and its derivatives, the acidities of the carbonyl com- 
pounds approach those of the amino acids, completely obviating Watters’ method. 

In the present study employing an IBM 7090 computer a numerical investigation 
of the inter-relationships between the experimental parameters, the concentrations of 
metal, pyruvate and glycinate ions, the values of the complex formation constants and 
the shapes of the titration curves, was undertaken. The results led to a general method 
of obtaining the “best” constants according to a least-squares fit for such systems, and 
also rendered valuable insight into their equilibrium properties. While the method 
described below concerns one particular system it can be applied directly to other 
metal ion-ketoacid-amino acid systems and, with only slight modifications, should 
even be applicable to those more complicated situations where pyridoxal is involved. 

OUTLINE OF COMPUTATIONAL METHOD 

In the experiments, solutions containing complexing metal ions, pyruvic acid, 
sodium pyruvate and inert electrolyte in known concentrations were titrated with a 
sodium glycinate solution and the equilibrium values of pH were measured after each 
addition of t&rant. A series of titration curves was obtained using solutions with 
different initial concentrations. The formation constants of the simple complexes, 
the acid dissociation constants of the ligands and their SchZ base formation constant 
were determined from the results of similar, separate experiments. 

In the computation all of these data, including observed points @H US. ml) from 
the experimental titration curves, and the initial concentrations of reactants are first 
read into and stored in the computer. A predetermined network of trial values of the 
formation constants of the mixed complexes is then systematically scanned. For each 
set of constants a theoretical titration curve is calculated pertaining to each of the 
initial conditions. The residual, pH,,-p H 0b, is obtained for each of the observed 
points and the quantity U, which is the sum of the squares of the residuals over all of 
the points, is computed. 

Residuals in pH were minim&d because values of pH are measured directly 
while in mixed copppIw[ systems the derived quantity fi, which is more commonly used 
in calculating equilibrium constants, is not single-vahred with regard to the experi- 
mental variables, volume and pH. Furthermore, weighting procedures, which may 
be somewhat involved when Rvalues are used,r4 are simplified because each point can 
bi given unit weight. The error is assumed to he entirely in the measured value of 
pH and the volume is assumed to be accurately known. 

If a sticiently broad network of constants has been used the region where the 
minimum value of U lies can be located and passing finer and finer networks through 
this region the constants which best fit the data can be obtained to the appropriate 
degree of accuracy. When the calculated N + 1 dimensional surface (N is the 
number of quilibrium oonatants being evaluated) is sufficiently wrinkled it is possible 
for the compution to converge on a “false minimum*‘. One of the purposes of the 
present approach was to determine if such false minima are apt to interfere with 
obtaining the “best fit” for these systems. 
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Considering the bidentate character ?f pyruvate and glycinate, the tridentate 
character of their Schiff base add ‘the pr&&linant hexadentate character of the 
transition metal ions of the first series, the mixed complexes MPG, MPsG-, MPG,- 
and MPsGs- are expected. Considering also the simple species, mass-conservation 
leads to the following set of equations: 

Mt = W) + (MP+) + @Woo) + (MC+) + (MC&O) + (MC&-) + (MPG) 

+ (MP,G-) + (MPG,-) + (MPeGt-) (1) 

Pt = @II’) + (P-1 + (MW + 2(MPeO) + (MPG) + Z(MP,G-1 + (MPG,-) 
+ WI’,G,*) + (PC?-) (2) 

Gt = (HrG+) + (HG*) + (G-1 + (MC+) + 2(MG2) + 3(MG,-I+ (MPG) 
+ @&G-l + Z(MPG,-1 + 2(MP,G,V + 0 (3) 

Ht = XI-&G+) + (HG*) + (HP) + (H+) - (OH-) (4) 

where the quantities on the left-hand side are the known concentrations of complexing 
metal ions, pyruvate, glycinate and replaceable hydrogen ions and those on the right- 
hand side are the concentrations of the various species. 

Defining the over-all formation constant of the complex MP,G, as 

WPpGp) 
Qpg = (M)(P-)P(G-)‘J 

and the formation constant of the Schiff base PGs- as QsB, substitution into equations 
(1x4) gives: 

Mt= (M*)[l + Q,G'-I+ Q&Y*+ QdW + Q,WY+ QorG-Y 
+ Q,#'-W-1 + Qd'-YW) + QdWW + QpoP-W-)*I (5) 

Pt = 
Lap 1 8a + 1 0’3 + QdM*+W) + 2QmW+P-1" + QnW++)O'-XG-1 
+ 2Q&fWVo-I+ Q,W+)(W(W2 + 2Q&WU’-)W-)2 
+ Qs,O’-W-1 (‘5) 

Gt = 
aH2 

~,db + K,, 
8a + 1 1 (G-1 + + Qm(M:)(G-)e 

+ QoaWWWY + QIIW+WXW + Q&@+M’-RG-_) 
+ 2QuW9(P)(W2 + 2Q&@+~cp)“(W2 + QsBOW) (7) 

H 
an(P) 

t=-+ 
W 

IGP K,&wQ + 
2 (G-) + (H+) - (OH-) 
I& J (8) 

In equation (8) a, refers to the hydrogen ion activity whereas (H+) is the con- 
centration. From blank titrations of the inert electrolyte with hydrochloric acid 
solutions it was found that (H+) = a”sgB and this relationship was used to make the 
correction iteratively for free (H+). 

In the experiments, the values of Mt, Pt and Ht are known at each point on the 
titration curve from the initial concentration and the dilution factor. The value of 
Gt is also known from the concentration of NaG in the titrant and the volume added. 
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However, in computing the theoretical curves, because of the higher order equations 
involved, it 1s simpler to begin with a value of (G-) and from this to calculate the 
corresponding values of pH and Gt than it 1s to calculate the values of pH and G- 
using Gt Accordingly, the above equations are rearranged in terms of (G-) and the 
unknowns (PI) and an. 

Solving equation (5) for (Ms+) and substituting into equation (6) gives, on re- 
arrangement, 

P(P) = C_,@j3 + C#--I2 + C,(P-) - S,Pt (9) 
where C, = C& 

C, = C$, + (2Mt - Pt)S, 

Cl = C,S, + (Mt - Pt)S, 

Co = ad& + Q&G-) 4 1 

S, = QIO + QnWl + QdW2 
% = Qzo -+ Q&J-~ + QdW2 
S, = 1 + QcJW + Q&V” + QdW3 

and the quantltles S, are polynomials depending only on (G-) and the formation 
constants. 

The correct solution for a given value of G- is that positive value of(P) (and an) 
which causes F(P) to become equal to zero. 

The value of an can be obtained in terms of (G-) and (P) using the quadratic 
equation 

-b + db2 - 4ac 
aH= 

2a 
where, from equation (8), 

a = 2(G-)/Kle&2a~, 

b = (G-W,, + (P-)/Km 
c = a”.@6 - Ht. 

The positive root is used because the quantity an must be positive. 
Once the value of (G-) is chosen, equation (9) and (10) become two non-linear 

equations in two unknowns. The equations are solved as follows. First (P) is set 
equal to zero and the corresponding value of a n is calculated from equation (10) 
[iteratively when the term resulting from free (H+) is appreciable with regard to 
Ht]; these values of aH and (P-) are inserted into equation (9) to give a value of 
F(P); (P) is incremented by some predetermined amount (usually of the order 
O-1 to O-2 Pt) and a new value of F(P) is similarly obtained. A test is made to deter- 
mine if F(P) has changed sign, This process is repeated until a sign change m F(P) 
indicates that a root of equation (9) has been reached, The values of(p) and an are 
then refined &ratively using the Newton-Raphso@ method until any change in 
@+-) is less than 0.2% of its value at that time. A test is made to verify that aE is 
positive, A negative value signifies an incorrect root and (p) is again successively 
incremented until F(P) once more changes sign. In practice it has been observed 
that the correct root lies at the first sign change. The reason for this can be seen in 
the data of Table I where F(P) and ax have been computed for various conditions. 
Only one root appears to exist in the range 0 s P < Pt. In the region of interest 
F(P) is a smooth curve for which the first, second and third derivatives are all 
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positive. The last appears to be about constant. No troublesome convolutions nor 
inflections exist in the region F(P) = 0. Also, it can be seen that any error in pH 
caused by a 0.2% uncertainty in (P) has negligible proportions as far as the present 
purposes are concerned. 

Using the chosen value of (G-) and those obtained for (P) and an, (MB+) is 
evaluated from equation (5) and using these results in equation (7), G,ic is calculated. 
The volume of titrant necessary to give this value of G,, is obtained from the 
experimentally known concentration of the titrant and the initial volume. The 
values of Mt, Pt and Ht are corrected for dilution and the last is also corr.ected for the 
effect of any excess sodium hydroxide in the titrant. The entire calctdation is repeated 
iteratively until changes in Ht amount to less that 0.2% of its value. In this way one 

theoretical point on the titration curve (pH VS. ml) is obtained. To obtain another 
point, the value of -log(G-) is increased. The final titration curve results when the 
desired range of (G-) values has been covered. The time taken to compute one 
point is of the order of 25 msec with the IBM 7090 computer. 

Only by rare coincidence does an observed and computed volume of titrant agree. 
Therefore, to obtain the residual for each observed volume it is necessary to interpolate. 
A second order LaGrange interpolation16 is performed. Three calculated points 
bracketing each observed point are used in the interpolation. In the region of interest 
where the mixed complexes are formed, the buffer capacity of the solutions is large 
and a higher order equation is not necessary for the interpolation.17 

The computed points are printed out and the next set of experimental conditions 
is taken. When the computation for the final experiment has been performed the 
value of U is also printed out. A new set of constants is then taken. With the 
IBM 7090 computer the time required to compute a theoretical curve of 16 points, 
interpolate and obtain the sum of the squares of the residuals is less than 0.6 sec. 

In the lirst version of the programme the constants were varied from initial to 
final values in fixed steps. To save computer time all of the titration curves were not 
computed for a given combination of constants if it was found that at any point the 
absolute value of a residual was greater that 0.15 pH unit. The programme was 
designed to cease calculations at this point and go on to the next set of constants. 
Furthermore, because the constants were varied from low to high values, shifting the 
computed curves to more acid values as the computation progressed, a particular 
region was considered to be out of range of interest and was no longer investigated if a 
point on a calculated curve was found to become more acid by 0.15 pH unit than the 
corresponding experimental point. 

DATA AND RESULTS FOR THE NICKEL!’ 

PYRUVATE-GLYCINATE SYSTEM 

The data from which the Ao and log (G-) values reported in reference 11 were 
calculated was taken. In these experiments solutions which contained either 0.05OOM 
NiCl%, 005OOM pyruvic acid, (I); O*OSOOM NiCl,, 0*05OOM pyruvic acid, 0.0550M 
sodium pyruvate, (II); 0~05OOMNiCls, @05OOM pyruvic acid, O~IOOM sodium 
pyruvate, (III); 0*0220M NiCls, 0*05OOM pyruvic acid and QIOOM sodium pyruvate, 
(IV) were prepared. These solutions also contained sufficient potassium chloride to 
bring the ionic strength to O-70. Twenty-five ml aliquots were titrated at 25.0” with 
04OOM sodium glycinate. The pH measurements were made with a Radiometer 
pHM22 pH meter with a scale expander. Readings were made to the nearest 0405 pH 
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unit. National Bureau of Standards buffers were used to standardlse the glass and 
calomel electrodes. In the titration curves only those pomts in the buffer regions 
where the mixed complexes form, were used in the calculatrons. As the concentration 
of pyruvate increases a pronounced break in the trtratron curve appears where the 
Nrn:(G-) ratio is 1:2. This break is informative as far as the stoichiometry is 
concerned but the points close to the end-point have only slight value as far as 
determining the constants is concerned. 

The constants for the formation of the sample mckel”-glycinate complexes were 
found to be 4.6 x 10s, 3-2 x lOi and 9-O x 10rs for Qol, Qm and Qs, respectively. 
For the nickelu-pyruvate system Qlo was found to be 14. No evidence for the 
existence of NiPs was observed. The Schiff base formation constant was found to 
have a value of 2-2-2-3 from the results of a potentiometric titration of glycine m 
the presence of pyruvate with a solution of sodium hydroxide. This value com- 
pares favourably with 2.47 obtained polarographically by Zuman.‘a The value found 
for the acid dissociation constant of pyruvic acid, Kep, is 4.07 x 1oJ while Klro and 
KDaG for glycine were found to be 3.4 x 1O-3 and 2-O x 10-lo. 

In the previous communicatron l1 the values reported for Qu, Qu and Qzt are 
l-15 x 108,25 x lOis and 1.6 x 10 16. Ordinarily these results would not be avall- 
able in which case it is desirable, but not necessary, to make quick preliminary desk 
calculations to obtain the likely approximate values of the mixed complex formation 
constants. It is convenient to initiate the computations with the high speed computer 
using a network of constants with points spaced from about one-third to one-half 
the preliminary values. In the present series, Qu was first varied from 0 to 3-O x 108 
in steps of O-5 x 108, Qre was varied from 0 to 4.9 x 1013 in steps of O-7 x lo’* and 
Qzz was varied from 0 to 4.5 x 10” in steps of 0.5 x lo’&. Because Qso was found 
to have a negligibly small value, it seemed reasonable that the same is also likely for 
Qn. Therefore, in the first series of calculations Qel was set equal to zero. 

Complete sets of computed titration curves and values of U were obtained for 
only a relatively small region of the vector space of trial constants scanned because 
points for most of the computed curves fell outside the 0.15 pH unit limit. The 
results are shown in Table IIA. A finer network was then used to obtain the results 
given in Table IIB. 

A final run was made using initial values Qu = l-15 x 108, Qu = 0.8 x lOis 
and Qoa = l-8 x 10r5, with increments dQu = 0.10 x 108, dQlz = O-20 x lW* and 

dQw = 0.20 x 1W. The minimum vaiue of U was found to be 04229 (43 point#* 
lying at Qu = l-25 x 108, Q12 = 1-O x lOI and Qzz = 2.0 x lp. A plot of the 
points obtained for this last set of constants is given in Fig. 1 along with the observed 
values. 

At this stage attempts were made to improve the fit by scarming a four dimensional 
array of constants using relatively small values of Qel of the order of 100. These 
attempts resulted only in increased U values so it is concluded that as far as the 
present experimental conditions are concerned any effect of NiPsG- is negligible. 

It is important to establish whether or not the values found above are meaningful 
or merely reflect the uncertainties in the pH measurements. Sill&tm has described 
methods for obtaining the standard deviations of the constants and the observed 
points m cases such as the present, where the sum square surface has been obtained. 
After Sill&# a generalised four dimensional paraboloid was fitted to the displacements 
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RH 

ml 

Frc 1 .--Computed and Observed Twtron CUWS. 
The roman nu~~Is refer to the ex~r~~nt number gtven in the text. The open pomts 
are observed and the solid points are computed. The values used m the computation 

arc Q,% = 1 25 x IO+*, Q,,= 1 0 X lW3 and Q1, = 2.0 x 10+x5 

sn U and m the constants for the last set ofcalculatrons takmg the observed mimmum 
where U = 0.0229 as the ongin. Thrs gave the equation 

U = 0.0299 + 0.0205 x lo-sx, + 0.825 x 1O-‘6xx,2 - 0~0035 x IO-‘“x, 

+ 0.155 x lo-=xi&s + 0@075 x 10-=x, + 0,345 x lW@xS* - 0445 

x 10-21x x 1 2 - 0,625 x l0-23~,~, 4 0.280 x 10-=x,x, 

where x1 = Qn - I*25 x 10H, x2 = Q1s - 1-O x 10T13 and xQ = Qz2 - 20 x 10+16. 
The surface defined by this equation is calculated to have a minimum, Um,n, equal to 
00225. Because the values of three constants have been obtamed losmg three degrees 
of freedom the standard deviation of the pomts zs calculated to be f0*0225/(43-3) = 
&0*024. This deviation is only shghtly larger than the expected @Ol - 0.02 umt 
un~~ainty in the measured pH vaiues. From the matrfx of the advents of the 
displacements, the constants at the mmimum and their standard deviations are 
calculated to be Qu = 1.23 f O-04 x IO”, Q12 = 1.01 & 0.08 x lO+ls and Qn = 
l-97 rfi: 0.05 x 10+16. The standard deviations are well below the values of the 
constants. 

It is also worthwhIle to make plots of various computed curves. In this way 
visual evidence may be obtained regarding the effects which given species have on the 
measured parameters under different conditions This rnformatlon 1s valuable m the 
design of experiments. In Fig. 2 are plotted the curves which were obtained using 
several values of Qll, Qz2 and Qzz for conditions pertaining to experiments I and II. 
Here it is seen that curve I IS sensltlve to the values of Qll and Q12, but the variation in 
Qz2 has a negligible effect. On the other hand, curve III shows only a slight dependence 
on the value of Q12 but is shown to depend primarily on Qu and Qn. Thus, under 
the conditions of experiment (I) NiPG and NiPG,- are mdlcated to be important, 
whereas in experiment (III) NiP,Gg2- replaces the latter species. For more quantitative 
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FIO. 2.--m Efkt of Vanat~ons in Qll. Qlr and Qu on the Computed Curves. 
The reman llumcrals mfer to the cxpeManumbergi~inthctcxt. Tbcvaluesuscd 

in the computation are: 

QU QU Q** 
A 1-o x lo+’ 0.70 x lo+‘* 2.0 x lo+“ 

E 
1.0 x lo+’ 0.70 x lo+= 1.5 x lo+” 
1.5 x lo+’ 0.70 x lo+” 2.0 x IO+‘& 

D 1.5 x lo+’ 1.4 x lo+” 2.0 x lo+“ 

information it is desirable to compute the fractions of each of the species. This can 
be easily done because (M), (F-) and (G-) are known at each point. 

The method of obtaining the constants in the present work has the advantages 
over the iterative procedure used previouslyu in that all of the pertinent data are 
treated simultaneously and the “best” constants in a “least squares” sense result 
(see reference 20). Furthermore, by noting the relationships between the experi- 
mental conditions and the sensitivities of the curve shapes to the values of the con- 
stants, useful information regarding the actual existences of proposed complexes and 
the proper conditions for studying their properties may be obtained. 

SEARCH FOR THE CONSTANTS: A MODIFIED PROGRAMME 

The procedure described above is ineflicient if all that is desired is the constants 
for a particular system. The above results indicate that certain modiications in the 
search procedure can be made to find the minimum more rapidly. The surface 
U = F(Q,, Qrs, Qa) is relatively smooth and shows only one important minimum 
in the region where positive concentrations obtain. Furthermore, in Tables IL4 and 
IIB it is seen that the minimum value of U in each column lies approximately along 



200 D. L. L~AJ~ING 

a downward sloping line which can be drawn across the table. The slope of the lure 
depends on the magnitudes of the increments and the sensitrvrty of the sum-square 
to the values of the constants. 

To obtain a faster search for the “best” constants the programme has been 
modified so primarily only those trial sets lying along the valleys shown m Table II 
are considered. After the preliminary phase where the constants are narrowed down 
to those givmg titration curves falling within some prescribed range, the mappmg of 
the sum-square surfacesa is begun. The value of Qll, at constant Qra and QB, is 
incremented until a minimum in U has been reached. This process is then repeated 
wrth the next value of Qa but because the valleys slope downward it is not necessary 
to return Qn to its initial value before starting the new column, but only to reduce It 
by the value of one increment. As long as the minimum value of U m each new 
column is found to be smaller than in the preceding column the search at constant 
Qoz contrnues. Once the lowest value has been reached, ascertained by the simple 
test that a mmimum in a column is larger than that of the preceding column, Qss IS 
mcreased and Qn and Qss are decreased slightly so as to remam m the vicinity of the 
mmimum. 

The search continues in the same manner until the Qsa plane having the smallest 
U has been uncovered. The constants can then be refined either by automatrcally 
rescanning the region of minimum U employing smaller and smaller increments 
until the desired accuracy has been obtained, or by employing procedures based on 
those described by Hug@ or, as illustrated above, SilMnm 

Acknowka+ren+The author wishes to extend his timnks to the SW of the OSU Numerical 
Computation Laboratory for th& kind aasistancc and the generous use of their facilities m carrymg 
out this study. 

BDas Nickel (II)-Pyruvat4lycinat-System wurde 
numensch untersucht. J3n Rechenprogmmm NT Bung der xuge- 
h6rigen Gkichungen wurde entworfen. Flir Bedimgungen, dii den 
cxpcmnultelkn entsprschen, wurden mitteh angenommene r Konstan- 
ten theoretiscbe T~trationskurven buechnet. Die beobachteten 
hehungen xwiscbn den Werten der Konstanten, den Konzentran- 
tlonen der Reaktanten und den skh ereebenden Titrationskurven 

ge;nischten Kompkxe unter den verschii - Der 
“beste” Satx von Konstanten, der -fiber den exper&Mkn 
Daten die kkii Summe der quadr;ltiscbeo ~Abwcicb~ gibt, 
wulxkeakal. DiiElgcbnk~zueiaaavaf~dasPuf 
die Etmittlung da Konstauter~ in gemischten Kompkxsystemen 
al&en&n anwendbar w&e. 

RwUne Ctude quantitative du systkne Ni(II)-pyruvate-glycinate 
a Ctt entreprise. On a d&elopp& une *ode de r&solution des 
Cquatw.9 c0rreapondantes au moyen d’un cakulateur. Lcs courbes 
de tltrage Moriques conupondant aux conditioxn exp&imenti ont 
ttt. calcul&s en utlhsant des constantes exptrimntales. Les relations 
observcts entre les valelm3 des con!&antes, ks conantrations des 
rCactlfs, et les courbcs de tltrage u1 en r&sultent fourrusscnt des 
rense~gnements valables concernan t &rnpo~ des dii&ents com- 
pkxes mixtes dans des conditions vari&. La %eilleure” s&k de 
constantes qui solt en accord avec ks don&es up&imentales est 
cholsie c~mmc &ant c&c qui donne le 
car& des Aidus pHmJ,, 

minimumpourlasommedes 
- pH,m i. On d&it de ces r&ultats une 

m&hode qui serait applicable a la d&ermination des constantes de 
syst&nes de compkxes m&es en @n&-al. 
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Summary-It is shown that kmetic parameters of sample, fast electrode 
reactions of the type 0 + ne = R, where R IS soluble in the solution 
or in the mercury electrode, can be determined by the potenttostatic 
method with a solution initially containmg only the substance 0, the 
substance R being generated m situ during electrolysa, provtded that 
the electrode reacbon involves only a single rate-determmmg step. 
Current-tune curves are recorded with a fast response, electromc 
potentiostat and an oscdloscope upon applymg a potential step from 
the zero+aurent potenttal to various potentials on the ascending part 
of the current-potenttal curve The forward rate constant k, at a 
grven potenttal 1s calculated from the current at zero tnne found by 
extrapolation of the hnear portion of the plot of current agamst 
square root of time, while the backward rate constant k, is calculated 
mdirectly from the slope of the same straight line. Plottmg log k, and 
log k, agamst potential allows a simultaneous determination of the 
formal standard rate constant k, both cathodtc and anodtc transfer 
coef?Xents, the number of electrons mvolved in the rate-determining 
step and the formal standard potential of the system bem studied. 
This method IS considerably simpler than the well-known b- nscher- 
Vlelstich method, and it should be particularly advantageous when R is 
highly reactive or forms an amalgam which IS unstable m air. The 
upper limit of k. that can be determined by this method IS the same as 
that determinable by the Gertscher-Vielstsh method. The kinettc 
parameters found by the present method for the electrode reactions 
xinc ion-xmc amalgam in 1M potasstum tutrate, copper11 ioncopper 
amalgam in 1Mpotassium a&ate and cadmium ion-cadmium amalgam 
in 0*5M sodmm sulphate were in fair agreement with the values 
reported in the literature. 

INTRODUCTION 

THE potentiostatic method developed by Gerischer and Vielstichlle is a well-established 
method for the determination of kinetic parameters of fast electrode reactions. In 
their method, current-time curves are recorded upon applying a potential step from 
the equilibrium potential of a given system containing initially both oxidised and 
reduced species at known concentrations, and the exchange current is calculated from 
the slope at the equilibrium potential of the plot of current at zero time against 
potential. The standard rate constant and the transfer coefficient are normally 

* Present address: Bell Telephone Laboratories, Whippany, New Jersey, U.S A. 
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evaluated by determining the variation of exchange current wrth the concentratton of 
erther oxidised or reduced species. Thus, the Gerischer-Vielstich method suffers 
experimental complications when the reduced species m solutton or in amalgam is 
highly reactrve and SubJect to air oxrdatron. 

In the method descrrbed in this paper, krnetlc parameters are evaluated by 
analysing current-time curves obtained at only one concentratton of the oxidised 
species, the reduced species being absent before electrolysis. Metal ion-amalgam 
systems can thus be studied by the present method without using an amalgam electrode 
of accurately known concentration. As expected from theoretical considerations, 
errors involved in the determination of the backward rate constant are somewhat 
greater than those involved in the determination of the forward rate constant, partic- 
ularly at potentials away from the standard potential. Nevertheless, the method 
should be of practical value, as is evidenced by the fact that the kmetic parameters 
determined by the proposed method for the few systems are in satisfactory agreement 
with the values reported in the literature. 

CURRENT-TIME RELATIONSHIP 

Consider the reduction of a substance 0 to another substance R in an electrode 
process involving n electrons at a stationary mercury electrode under the following 
conditions: 

(1) The reduction product R is soluble either in solution or in mercury. 
(2) The solution contains the substance 0 at a known concentration and the concen- 

tration of R is negligible before electrolysis. 
(3) Because the electrolysis time is very short and the thickness of the diffusion layer 

is very small in the present potentiostatic method, semi-infinite linear diffusion is 
the sole mode of mass transfer. 

(4) The electrode process involves only a single rate-determining step. 
(5) The electrode potential is maintained constant during electrolysis. 

The general equation for current-time curves obtained under these conditions is 
well-known and takes the forma 

i = nFAk,Ca exp (&&z(E) (1) 
where 

6 = st”a (2) 

s = k,D, -112 + kbDR-ti4 (3) 

and i is the current in A, F the Faraday, A the surface area of the electrode in cma, 
k, and kb the rate constants for the forward and backward reactions in cm . set-‘, 
C, the concentration of substance 0 in the bulk of the solution in moles. cm-, 
t the time in set, and Do and D, the diffusion coefficients of 0 and R in cm*. se@. 

For values of t smaller than 1, one can write 

exp(P)=l+P+g+... 
. 

and for any values of t 

e&(t)= l--2 I-&l+*.- * 
-\/;; ( ) 
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When 5 is so small that the higher terms in the above expanston can be neglected, 
equation (1) can be written in the following form * 

This equation predtcts that plotting current agamst PI* yields a straight line at 
sufficiently short times at potentials where the condition sP’* < 1 is fulfilled. The 
current at t = 0 found by extrapolation of this straight line 1s directly proportional 
to k,, while kb can be calculated from the slope of this line, provided that the diffusion 
coefficients are known. 

On the other hand, k, and k, are related to the standard rate constant k, and 
potential E by 

S = k, exp 1 
k, = k, exp 

where a and @ are the cathodic and anodlc transfer coefficients and a + /3 = 1, n, is 
the number of electrons involved in the rate-determining step, and E” 1s the formal 
standard potential. Thus, it is anticipated that plotting log k, and log k,, against E 
should yield two straight lines, and that tt should be possible to find k, and E” from 
the intersection of these straight lines. From the slopes of these hnes, it should be 
possible to evaluate separately a, B and n,. 

Reagents 
EXPERIMENTAL 

AU chemicals used were of the highest purtty avatlable commerctally, and they were used wtthout 
further purificatton. De-aeranon was carncd out by passing high1 
zmc, copper** and cadmium ION wcrc prepared by dtssolution o r 

pure tank mtrogen. Solutions of 
zmc nitrate, coppc.r” mtratc and 

cadmium sulphata, mspacttvely. The conccntrattons were determined polarographtcally in suitable 
supporting electrolyte so1ut10tls. 

Apparatus 

Electroth: A dropping marcury elect&e wtth a drop tune of about 10 see was used as the 
workmg electrode, and current-tima curvas wcra rac~rded upon closing the circtut at a certain tune 
(8 to 9 sac) after the beginning of the drop formation. The tune when the cucuit was closed was 
measured with a stopwatch, and the switch for closing the ctrcuit was operated manually. Cutrent- 
time curvea were parfactly reproducible, indicating that the error resultmg from the manual operation 
of the switch was quita negligible as compared to that assocrated wtth the oscilloscopic rccordmg. 
Bacausc current-time curves were naaded only up to 10 msec after the ctrcuit was closed, the variation 
of surface area of the mercury drop during the ~rtiiig was also neghgbk. 

A saturated ahnnal electrode served as tha reference electrode, and rt was connectad with the 
drop ing &ctro& through a Lugght capillary. 

l-G counter electrode was a platinum foil, which was placed in the compartment scparatcd by a 
sinteredglassdisk. 

Potewostat: The -t&w used in the present study was M ekctronic potenttostat constructed 
by the authors accmdmg to the circuit das@d and described by Shtmodaira, Matsuo, S wara and 
Ebiko’ of this University. Tha vol 
unsuitabk for this type of work aza 

source for 200 V d.c. described in their paper was ound to be Ya 

from LDcompJctc mcti6ution. 
it was replaced by batteries to mimtnisa disturbancas resulting 

Tha rim tima of the potentrostat was about 6 x lo-‘ sac, which is one 
o&r of magnituda longer than that (2.5 x lo-’ sot) of the potentiostat constructed by Ekctronischc 
Werkstfitte of Germany. For the systems studied in this work, however, this was not critical. A 
micro mlay switch was usai in tba aarly stages of this investigation. &cause this switch ganam@d 
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transrents m 0 8 msec, rt was later replaced by a sealed-m mercury swatch, whtch was found to gave 
excellent results. The preset potenttal was read exactly with a potentio~ter. 

Current-time curves were recorded with a Synchroscope Model SSSf 51 combmed with a high 
gam differentla~ preamplifier Model SFO2-DFH-A, both manufactured by Iwasakt Commumcatton 
Apparatus Co. Ltd. The cahbrated reststances used had a value of 10 to 50 Q, and the sensmvtty of 
the oscilloscope was always set at the maxtmum sensmvity of 1 mV. cm-t 

All experiments were camed out m a thermostat mamtamed at 25”. 

RESULTS AND DISCUSSION 

Experiments were camed out for reductions of zinc ran in lkf potassium nitrate, 
copper” ion in 144 potassium nitrate and cadmium ion in 05N sodmm sulphate. 
Examples of i - tl’* plots are reproduced in Fig. 1. Good straight lines were obtained 

FIG. l.-f’lots of 1 - I”‘: (1) 5 mM Zn*+ m 1M KNOt at -0 986 V; (2) 2 mM Cus+ in 1M 
KNOI at +@034 V; (3) 2 mM Cd*+ in 0-5M NatSO, at -@581 V. 

in ail cases at su~cientiy short times. The upper timit of f before which a linear 
. 
I - t1j2 is obtained greatly depends on k, of the system and also on potential. For 
example, in the vicinity of the standard potential and for the ease of IJ,, = Dn(=L))* 
we have s RS kJF8 &$I equations (3), (5) and (6)]. If one prescribes the condition 
St”* S 0.2 for a linear i - P plot to be obtained, then one finds t I; IO-* set for a 
reaction with k il = 1O-s cm.setY and I 5. 10-a see for a reaction with k, = lb2 
cm.se@. For faster reactions, current-time curves must be recorded at shorter times, 
At very short times (< 16-’ set), however, correctron for the capacity current becomes 
excessive and limits the maximum measurable value of k,. The dtscussion given by 
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Delahap on this point for the Gerischer-Welstich method apphes directly to the 
present case, and it can easily be shown that in both methods k, much greater than 
O-2 cm.sec-l cannot be measured. In the experimental examples given in this paper, 
it was not necessary to measure current at times shorter than 6 x IO4 set and the 
capacity current was quite neghgible. 

-15 

-a96 -0a -l-o0 -192 
E. V w SCE 

-‘“r-----l 

006 004 002 0 

E, v vs. SCE 

FIG. Z.-Plot of log k - E obtained 
with 5 mM Zn’+ in IM KNO ,’ 

FIG. 3 -Plot of log k - E obtained 
with 2 mM CL+ III 1M KNOs 

FIG. 4.-Plot of log k - E obtained with 2 mIU Cd’+ 
m @5M Na$O,. 

As is obvious from the theory, a knowledge of diffusion coefficients of both the 
oxidised and reduced species is required in order to calculate kb. The values of 
diffusion coefficients used in the calculation were as follows (D x 105 cms.sec-*): 
ZnP+ in 1M KNO,, 0.666; Zn in mercury, 19; CuGI- in 1M KNO,, O-713’; Cu in 
mercury, l-06*; Cds+ in 0-W NatSO,, O-720; Cd in mercury, 2-07s. The values for 
which no literature reference is given were calculated from the average polarographic 
diffusion current by using the original Ilkovic equation. it is generally recognised 
that diffusion coefficients calculated in this manner are often in considerable error. 
For example, the D value of zinc ion calculated by using a modified Ilkovic equatron 
(the numerical constant in the second, cmection term being taken qua1 to 34) 
was qual to 0.562 x 1c)d cms.se.+ instead of O-666 x IO4 cm*.sec-l found by 
using the original Ilkovic quation. This difference, however, resulted in only a 
minor difference in kinetic parameters. For example, the values of k, for the zmc 
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system calculated with the above two D values were 3.6 x 1O-3 and 3.8 x lOA 
cm set-l, respectively. 

Plots of log k, and log k, against potential for the three systems studled are shown 
in Figs. 2, 3 and 4. The kinetic parameters found from these plots are summarlsed 
and compared m Table I with the values reported in the literature. In general, the 

TABLE 1 -KrNEIX PARAMETERS AND FORMAL STANDARD POTENTIALS OF SOME MErAL ION-AMALGAM 

SYSTEMS 

System 

Zn*-/Zn(Hg) 
In 1M KNO, 

Temp., E’, k,, 
“C Vvs SCE cm set-’ n, a B Method 

25 -lx@5 3 8 x 1O-3 2 035 056 This study 

25 3 5 x 10-s A C. polarographys 

Cu*-/Cu(Hg) 
in 1M KNOS 

25 

25 
20 

ro 022 19 x IO-’ 2 0 43 0 53 This study 

4 5 x 10-l A.C. 
4 5 

polarography@ 
x 10-z Faradarc tmpedanc@ 

Cd”/Cd(Hg) 
m 0 5M Na,SO, 

25 

25 
25 
20 
20 
20 

-0 587 3 6 x lo-’ 2 029 0 62 Tha study 

0 38 
2 5 Y 10-l 

A.C. polarography” 

26 x lo-* 0 25 
A.C polarography” 

4 2 x 10-a 0 17 
Voltage-stepls 
Faradax Impedan&’ 

4 5 x 10-a 0 22 Current-steplS 

agreement between the values found by the present method and the hterature values 
was satisfactory, except that the k, value for the copper system was somewhat lower 
than the value found by other methods. 

In Figs. 2-4, It is noted that the pomts for log k, obtained at less negative potentials 
tended to deviate m the same dlrectlon m all three cases. The reason for this deviation 
1s not obvious. At any rate, It 1s clear from equation (3) that errors involved m the 
determination of k, should be mimmum at potentials near the standard potential 
where Jc, and k, are of the same order of magmtude. It should also be noted that as 
the potential IS made more negative, the current-potential characteristics become 
steeper and this trend is more marked with faster reactlons. At such potentials the 
precision and stab&y of potential control of the potentiostat become critical. Also, 
because current becomes larger at more negative potentials, the effect of iR drop 
between the workmg electrode and the tip of the Luggin capillary becomes more 
serious at more negative potentials. For these reasons, satisfactory k, values could 
not be obtained at potentials much more negative than the standard potential. While 
the present method IS simpler than the Gerischer-Vielstich method from the ex- 
perimental viewpoint, it is the disadvantage of this method that the accuracy m 
the determination of kb is less than that in the determination of k,. 

If it is desired that k, be determined with the same degree of accuracy as k, in a 
wider potential range and if the reduced species is s*&ciently stable, k, should be 
calculated from the anodic current at t = 0 measured with a system containing the 
reduced species alone, the oxidised species being generated in situ in this case. It also 
would be of interest to apply the principle of this method to totally irreversible 
reactions. 



Kmetrc parameters of electrode reacttons 

Zusammenfassung-Es wtrd gezetgt, dau kmettsche Parameter em- 
father schneller Elektrodenreakttonen vom Typ 0 t IIC = R, wo R m 
der Losung oder n-t der quecksilbemen Elektrode loslich nt, mit der 
potenttostattschen Methode besttmmt werden konnen. Dte Losung 
enthalt dabet zuerst nur 0, R utrd UI SIIU be1 der Ekktrolyse erzeugt, 
vorausgesetzt, dau dte Elektrodenreaktton nur emen geschwmdtg- 
kettsbesttmmenden Schrttt enthalt Strom-Zen-Kurven werden mtt 
emem schnell ansprechenden elektronischen Potenttostaten und 
emem Osztllographen regtstrtert. wobe~ das Potenttal sprunghaft vom 
Potential, bei dem kem Strom the&, auf ein Potential im anstetgenden 
Tell der Stromspannungskurve gellndert wtrd. Dii Konstante der 
Hmreaktton k, bei emem besttmmten Potential wird aus dem Strom 
zur Zett Null berechnet, den man durch Extrapolation des linearen 
Ansttegs des Stromes gegen die Quadratwurzel der Zeit findet. Dte 
Konstante der Ruckreaktron ks wird mdtrekt aus der Steteune dersel- 
ben Geraden berechnet T&t man log k, und log k; g&n das 
Potential auf. so erhalt man eleichzettte dte formak Standard-Gesch- 
wmdtgkeitskdnstante k., katl&dtsche &td anodtsche Durchtrtttsfak- 
toren. dte am geschwmdtgkettsbesttmmenden Schritt beteiligte Anzahl 
von Elektronen und das formale Standardpotenttal des untenuchten 
Systems Dtese Methode 1st betrilchthch emfacher als dte bekannte 
Gertscher-Vtelstch-Methode und sollte besondere Vorteile bteten, 
wenn R sehr reakttonsfahtg 1st oder em mcht luhtbestiindtges Amalgam 
btldet Das groQte besttmmbare k, 1st fier gletch wie ba der Gertscher- 
Vtelsttch-Methode. Dte nach der neuen Methode gefundenen kmett- 
schen Parameter fur dte Reakttonen Zmkton-Zmkamalgam m lm 
KN03, Kupfer(II)-Ion-Kupferamalgam m lm KNO, und Cadmtum- 
ton-Cadmtumamalgam in 0,Sm Na,SO, stimmten mtt den m der 
Ltteratur angegebenen Werten befrtedtgend iiberem. 
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R&sum&-On montre que les parametres cmettques des reacttons aux 
electrodes, stmpks, raptdes et du type 0 + ne * R, oft R est soluble 
darts la solutton ou darts l’&ctrode, peuvent Ctre dCtetmm& par une 
methode potenttostatique sur une solutton qui ne conttent irnttalement 
que 0, la substance R &ant fabriquee in sttu pendant l’tkctrolyse 
Cette m&hode tmphque qu’une seule reaction d&ermine la ntesse de 
la r&action a I’tlectrode Les courbes courant-temps sont enregtstrees 
a I’atde dun potenttostat Clectromque a rCponse raptde et d’un osc~llos- 
cope, en apphquant un saut de potenttel allant du potentiel B courant 
nul ~usqu'A divers potenttels de la partre ascendante de ia courbe 
mtensttbpotenttel. La constante de vttesse duacte k, P un potenttel 
don& est calcuke a parttr du courant au n I CW 2 d&emunC par 
extrapolatton de la partte hn6atre de la COUI I U!nt-ractne cat&e 
du temps, tandts que la constante de vttease tnvcrse k, cst calculk 
mdtrectement P patter de la pente de la m&me droite. SI l’on trace log 
k, et log k, en fonctton du potenttel, on peut d&ermmer en mime 
temps la constante de vttesse globale k,, les deux &tents de 
transfer6 cathodtque et anodtque, Ie nombre d’tkctrons mts en Jeu 
au tours de la r&action qut dCtermme la vitease, et le potenttel normal 
du systtme. Cette mtthode est beaucoup plus simpk que la m&hode 
bien connue de Genscher-Vtelsttch. et l devratt Etre parttcuhdrement 
avantageuse dans le cas ou R est t&s rtacttf ou fonne un amalgame 
mstable B Pair. La plus forte valeur de k, que I’on ptusae dttemuner 
par cette mtthode eat la m&me que celie que l’on determine par la 
rn&hode de Genacher-Vtelsttch Les param&es cmCttques trouvts 
par cette m&hode pour Ies reactions a I’&ctrode: ion rinc-atnalgame 
de zmc dans du nitrate de potassuun 1 M, ion ctnvre(II)-amalgame de 
cu~vre dans du nitrate de potassmm 1 M et ion cadmtum-amalgame 
de cadmium dans du sulfate de sodium 0.5 M sont en bon accord avec 
Ies valeurs indtqu&s dans la htt&ature. 
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THE BORON-CARBON-HYDROGEN SYSTEM 

I. SHAPIRO 
Universal Chemtcal Systems, Inc , Culver Cny. California, USA 

(Received 19 June 1963 Accepted 5 October 1963) 

Summary-Identdkatton of many newlydtscovered compounds 
composed only of the three elements. B, C and H, has been accom- 
phshed by use of mass, Infrared aud nuclear magnetic resonance 
spectroscopy m conJunctton wtth the tsotoptc substttution technique. 
These compounds can be classified mto two general categories: (1) the 
organ0 derivattves of boron hydrides. and (2) the carboranes (and 
theta organ0 denvatrva) Examples of compounds identified by 
purely spectroscopic means are gtven. 

THE state of the art of the B-C-H system as of 1942 has been summarked by Schlesin- 
ger and Burg1 Actually, in addition to the trialkyl boranes, only the alkyldiboranes 
were prepared and some of their physical properties given. Very little progress in this 
area was made until 1952, when the present author introduced the isotopic boron 
technique with spectroscopy as a routine analytical tool for identification of boron- 
containing compounds. Since that time the organo-substitution compounds of the 
higher boron hydrides, as well as new boron-carbon systems, have been prepared and 
identified. It is the purpose of this paper to discuss the various ram&&ions of these 
analyses with respect to the identification of the new organoboron compounds. 

Ma.95 spectromelry 
ANALYTICAL TECHNIQUES 

In boron chemistry the mass spectrometer is a particularly useful tool because of 
the readiness with which compounds of varying isotopic boron composition may be 
prepared. Isotopically-normal and r”B-enriched organoboranes of the same chemical 
composition can be prepared by the reaction of unsaturated organic compounds or 
alkyl halides with corresponding isotopically-normal or lOB-enriched boron hydrides. 
The exact number of boron atoms in the organoboranes can then be calculated frpm 
the shift in peak heights of their mass spectra. The number of carbon and hydrogen 
atoms can be obtained from the difference of the molecular weight (corresponding to 
the highest m/e value) and the accountable mass of the boron atoms. No shift in 
corresponding mass spectra distinguishes pure organic compounds from those 
containing boron. As an extension of this technique, deuterated compounds can be 
used to verify the number of hydrogen atoms attached to the carbon and/or boron 
atoms. 

As a matter of historical importance, the discovery (1953) of the carborane series 
of compounds was a direct application of this isotopic boron technique coupled with 
mass spectroscopy. Fig. 1 shows the comparison of the mass spectra of products 
formed by the reaction of acetylene with ‘OB-enriched and isotopically-normal 
diboranes. In this case, no fractionation of products was made; consequently, the 
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mass spectra represent a composite spectra of all components In the mixture A htgh 
peak at m/e 78 m both spectra must belong to a pure orgamc compound. subsequent 
purificatton and analysis Indicated that thts pronounced peak at m/e 78 IS produced by 
benzene. The general contour of the three distinct groups of peaks rn the hrgh mass 
range indicates polyboron-containing compounds. This “boron shape” IS a function 
of the number of boron atoms and the isotoptc composrtton * For example, the high 
peak at m/e 95 m the ‘OB-spectrum shifts to m/e 100 in the normal spectrum. the shaft 

NBS IuJYBtR “4 
FIG. 1 -Comparison of mass spectra of products formed by the reactlon of acetylene 

with l%-enr~ched and lsotopically-normal dlborane 

of 5 units indicates a Bs-compound. Simtlarly, the shrft from m/e 109 to m/e 114 also 
indicates a Bs-compound, and the shift from m/e 114 to m/e 122 signifies a Bs- 
compound. All of these compounds were later isolated and identified as belongmg to 
the carborane series. 

Infrared spectroscopy 

Infrared spectral analysis gives an insight into group arrangements of boron, 
carbon and hydrogen in the compounds. It is possible, for example, to distinguish 
between terminal borons (B,-H) and bridge borons (B-H-B), such as those illustrated 
in Fig. 2, which shows the absorption peaks for the alkyl diboranes.s The bridge- 
boron absorption frequency is in the 1600 cm-l range; and the terminal boron 
frequency in the 2500 cm-l range. Further, it is possible to distinguish the number of 
hydrogen atoms attached to the terminal boron- a single peak indicates one hydrogen 
and a double peak indicates two hydrogens. 

The shift in absorption frequency upon partial deuteration of the organoboron 
compound can be used to locate the position of the hydrogen (deuterium), i.e., 
whether it is attached to the boron atom or to the carbon atom. 
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FIG 2 --Infrared region 1500-2850 cm-* showmg terminal hydrogen 
hydrogen absorptlons m alkyld~boranes. 

Nuclear ntagnetrc resonance specrroscop) 

and bridge 

For complete analysis of organoboron compounds, one should be able to derive 
the structure of the compound so that one can locate the actual position of, say, an 
alkyl group, substituted for a hydrogen atom. For example, for a monoalkyl penta- 
borane, one would like to know whether the alkyl group IS located at an apex boron 
position or on a base boron position. Such information is not readily available from 
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either mass or infrared spectral analyses. By n.m.r. spectroscopy, one can easily 
distinguish between such positions. 

The “B n.m.r. spectrum yields information of the environment of the boron 
nucleus. The interaction of a single proton with boron results in a doublet, whereas a 
BH, umt will be represented by a triplet. On the other hand, a boron atom without 
hydrogen attached will be represented by a smglet. Bridge hydrogens are not observed. 
Replacement of deuterium for hydrogen collapses the doublet or triplet to a smglet. 
Because of chemical shift, borons m different positions also can be distmguished. 
The n.m.r. spectra of the various boron hydrides have been summansed, both by 
splitting and chemical shift. ’ Alkyl substitution on boron hydrides will mamfest 
itself both by changes in number of peaks and/or relative position in the spectra. 
Examples of such changes will be given later. 

In the proton n.m.r. spectrum, the interaction of the llB nuclear spin of 3/2 with a 
proton results in a quartet of (equal size) peaks. On the other hand, the C-H mter- 
action IS a single peak. Bndge hydrogens (B-H-B) are manifested by a broad un- 
resolved peak. Because the proton spectrum IS the sum of all component peaks, the 
proton spectrum may at first appear comphcated; however, in most instances the 
spectrum can be reconciled with the structure of the compound, and thus serve as a 
verification of structure. 

ORGANOBORON COMPOUNDS-COMPOSITION AND STRUCTURE 

The organoboron compounds (containing only B, C and H) fall into two general 
categories (I) Derivatives of boron hydrides, and (2) carboranes. In the first 
category, the organic component (alkyl, aryl, etc.) usually is appended to a boron 
hydride, whereas the term “carborane” was coined to signify that the carbon atom had 
become an Integral part of the boron skeleton. Organ0 derivatives of carboranes also 
have been synthesised. In this instance the organic component is appended either to a 
boron or carbon atom in the carborane. Thus, the number of possible organoboron 
compounds is large, and new compounds are constantly being discovered. It IS 
apparent that simple elemental analysis no longer suffices in identifying these 
compounds. 

Derivatives of boron hydrides 

1. Monoborane: The trialkylboranes (BR,) are well known, and can be prepared 
by the Gngnard reaction or by the addition of diborane to alkenes. If the alkene is a 
low molecular weight compound, e.g., ethylene, the product will be triethylborane; 
or in the case of excess diborane, the various ethyl diboranes. 

Interestmgly, it is not possible to form BHRe or BH,R in the simple compounds 
because of the great tendency of the boron to be tetrahedrally bonded, thus resultmg 
in dimerisation. However, rf the alkene is complex so as to present a large stenc 
hmdrance, the monoborane containmg one or two hydrogens can be formed? viz., 

The alkenylboranes, ahcychc boranes and triarylboranes also are known.6 
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2. Diborane: The alkyl diboranes fiave the same basic boron structure as dlborane, 
uiz., two boron atoms held together by two bridge hydrogens with substitution 
occurring at any of the four terminal hydrogens: 

(R)H H H(R) 
\u/ \B/ 

(IW 
/ \H/ \ 

H(R) 

The five possible substituted simple alkyldiboranes had been prepared as early as 
1935;’ however, the purity of some of these compounds may be questionable because 
of the equilibrium which exists between the various alkyldiboranes. It was not until 
the advent of spectroscopy that the purity of these compounds could be monitored 
with any degree of accuracy.s 

That the molecule contains two boron atoms can be recogmsed by mass spectral 
analysis of isotopic variants of the compounds.* Infrared analyses3*” reveal the 
presence of B-H-B bridge bonds. The R groups attached to the borons are restricted 
to low molecular weights; with large sterically hindered groups the molecule dlssoci- 
ates to BHsR or BHRs, as mentioned previously. 

The addition of diborane to alkenes has been studied extensively by H. C. Brown 
and his school. In the case of the addition of diborane to 1,3-butadlene, Brown10 
reports two possible structures to yield polymeric products: 

H H H H H H H H 

&((-~-J~-~-H 
I I I I 

H---C--C--C--C-H 

H’ ii H’ ’ H H’ ‘H H’ ‘H 

The reaction of diborane with 1,fbutadiene under different experimental condi- 
tions also was carried out in the present author’s laboratory.” In addition to 
polymeric products, the product contained an appreciable amount of the 1: 1 
butadiene diborane addition product. Spectroscopic analyses (mass, infrared and 
n.m.r.) clearly show two cyclic compounds as follows: 

‘C’ H ‘C’ 
H/ \B/ \/ \H 

H’ ‘H’ ‘H 

H H 
\/ 

H ,C 
\C/ H\ 

C-CH, 
H/ \/ \B/ 

H/ \H/ \ 
H 

Apparently the presence of two BH, groups in the same compound results in tetra- 
hedral boron bond formation. The equivalence of the four hydridic hydrogens 
(attached to boron) was shown by complete exchange of these hydrogens with 
deuterium of deuteriodiborane. Such exchanges occur freely in diborane. Interest- 
ingly, deuterium in B&s does not exchange with hydrogen attached to carbon, thus 
this exchange teohnique is useful in determining the number of hydrogens attached to 
boron.U 

12 
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3. Tetraborane: To date, there IS only one organotetraborane known. Thus 
compound formed by the reactron of ethylene wrth tetraborane has been rdentrfied as 
2,4-dnnethylenetetraborane.“*” That the ethylene molecule adds across the 2,4 
boron sites is evrdent m the Infrared spectrum by the change of the doublet (BH,) to a 
singlet (BH) for the B-H termmal stretchmg absorptron peak. The rlB n.m.r spectrum 
confirms thus conclusron m that the low field triplet (BH,) of tetraborane changes to a 
doublet (B-H), whereas the hrgh field doublet remains unchanged (boron sates 1,3) 
(see Frg. 3). 

In the thermal decomposition of trimethylborane, GoubeatP reports the formation 
of a compound containing four boron atoms [(BCH,),(CH,),); however, this com- 
pound is visualised as four boron atoms and four CH, groups connected alternatively 
in a ring with a methyl group attached to each boron atom, tciz., 

CH, CH, CH, 
\B/ lB/ 

/ \ 
CH* 'CH, 

‘9 B- 
/ ,’ \ 

CH, ‘CHL CHJ 

Although this compound contains four boron atoms, thus compound obvrously does 
not quahfy as a tetraborane, but rather as a monoborane. 

4. Pentaborane- Alkyl pentaboranes have been formed in our laboratory by a 
number of methods, ciz., reactron of pentaborane with ethylene or with alkyl hahdes 
and aluminum chlorrde, or by the Grrgnard reactron. Identification of the various 
alkylated pentaboranes was made by mass spectral analysrs. 

Extensive studres on the alkylated pentaboranes also have been carried out at the 
Explosives Research and Development Establishment in England.15*16 The various 
alkylated pentaboranes were separated by gas chromatography and identtfied by 
n.m.r. spectroscopy. Up to five ethyl groups have been substituted on pentaborane. 
Because pentaborane consrsts of four equrvalent boron atoms m a base and one atom in 
the apex of a tetragonal pyramrd, the substrtutron of alkyl groups gives rise to isomers, 
and such Isomers can be identrfied by n m.r. spectra. For monoethylpentaborane the 
ethyl group can be apex or base substrtuted and Its location can be determined by 
whether the apex doublet or base doublet of pentaborane collapses to a singlet. 
Dtethylpentaborane and tetraethylpentaborane also can have only two isomers, but 
trrethylpentaborane has three possrble Isomers. All of the possible isomers of the 
ethylated pentaboranes have been observed l6 

5. Decaborane Alkyldecaboranes can be formed by analogous reactions of the 
alkylpentaboranes. The mass spectrum of monoethyldecaborane already has been 
grven.ri The val .ous isomers of the alkyldecaboranes can be identified by the changes 
in the n.rn.r. spectrum of decaborane.18 

The followmg methyldecaboranes have been prepared and analysed:1s-21 2-, 5- 
and 6-methyl-; 1,2-, 2,4-, 5,6- and 6,9-dimethyl-; 1,2,3- and 1,2,4-trimethyl-; 1,2,3,4- 
and I ,2,3,Stetramethyldecaborane. For the ethyldecaboranes the following deriva- 
tives have been prepared 1G*10~‘12 l-, 2-, 5- and 6-ethyl-; 1,2- and 2,4_diethyl; at 
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least three Isomers of triethyl-, and at least three Isomers of tetra-ethyldecaboranes. 
Benzyldeeaborane also has been rep~rted.~ 

6. Other boron ~~~~~~e~~ Although not yet reported, organ~erivatlves of other 
boron hydrides,, such as hexaborane, octaborane, nonaborane, and higher boron 
hydrides, are anticrpated. 

FIL 3 -Comparison of IEB n m r spectra of tetraborane and 2,4-dlmethyienetetra- 
borane. 

As mentroned previously under the section on Muss spectramerry, the study of the 
reacttons of acetylene with various boron hydrides led to the discovery of a new class 
of organoboron compounds. From spectroscopic identification and characterisation 
of these compounds, it was shown that they differed from other known boron-carbon 
compounds. These new compounds have no bridge hydrogens and the carbon atoms 
are incorporated into the structure of the boron network; consequently, these 
compounds were named “carboranes”. The generrc formula for this serves of 
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compounds is B&H,+, .M Although the entrre senes of carboranes can be formed by 
the low pressure flashing reaction of diborane and acetylene, better yields can be 
obtained by use of the higher boron hydrides as discussed below. 

1. Carborane-3 (B&H,& This compound was one of a series of carboranes 
prepared by the reactron of pentaborane and acetylene in the silent discharge appara- 
tus.U Identification was made by comparison of the mass spectra of isotopic variants 
of the compound, viz., l”$C,H,, B&H,, B,C,H,D,, B&D,H, and B&D,. From 
infrared and n.m.r. spectra, the structure of the compound is regarded as a trigonal 
bipyramld with the three boron atoms m one plane and one carbon above and below 
the boron plane. The hydrogens attached to the boron and carbon atoms are the 
same as originally present in the parent compound. The deuterium in deuteriodr- 
borane will exchange with the hydrogens attached to the boron atoms, but not with 
the hydrogens attached to the carbons. This selectivity of hydrogendeuterium 
exchange is common to the boron hydrides and is the basis of a method for determin- 
ing the location of hydrogen, i.e., whether attached to boron or carbon atoms. 

2. Carborane-4 (B&H&: Two isomers of carborane-4 have been identified.% 
The symmetrical isomer is analogous to B&H,, except that there are four borons in 
one plane; in the unsymmetrical form, one carbon and one boron atom have inter- 
changed positions. Because of srmilarities in the vapour pressures of carborane-4 and 
pentaborane (parent compound), it is not possible to separate the two compounds by 
direct fractional distillation. However, such separation can be effected by first 
complexing the pentaborane with triethylamine to change the degree of volatility. 
The excess triethylamine can be complexed with drborane. 

3. Carborane-5 (B&H,): This compound has been identified by comparison of 
the mass spectra of the l”B-enriched and isotopically-normal variants of the com- 
pound.” One characteristic feature of the carboranes is the low degree of skeletal 
breakdown observed in their fragmentation patterns. 

4. Carborane-8 (BsGH,,): This compound also has been identified by application 
of the isotopic boron technique and mass spectrometry.” In addition to use of 
pentaborane as a parent compound, carborane-8 is a product when acetylene is 
reacted with tetraborane or decaborane. 

5. Carborane-10 (B,,CsH,& Carborane-10 can be prepared conveniently by the 
reaction of acetylene with decaborane. 2g The n.m.r. spectra of carborane-10 is 
consistent with the concept that the two carbon atoms replace the four bridge 
hydrogens of decaborane ,Is thus completing the icosahedron structure.* This 
compound is quite stable. 

6. Alkyl derivatives of carboranes: In the preparation of the carboranes from 
acetylene, it has been observed that various alkylated derivatives of the different 
carboranes are also formed. The alkylated derivatives of the carboranes are also 
formed by reaction of boron hydrides with alkylated acetylenes, e.g., methylacetylene. 
The derivatives observed in the mass spectra are as follows: B&H,, B&Q, B&H,, 
B&H1o, B&H,, B&H,, B&.&s, B,C,Hi,, B&H, and B&H,. Numemus 
derivatives of B,CsH,s also have been formed; these compounds will be the subject 
of a separate paper. 

+ The introduction of the two boron atoms of dlborane into the de&mane stmctum results 
in the unstabk BI,H,* mokcuk- ,I’ ho-r, the BIaHii ion IS wr&d to be Stabie with m icosa- 
hakal amngcmun.*~ 
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Dihydrocarborane 

When pentaborane and acetylene icaict at low pressures, carborane-4 is formed ; 
however, when these same reactants are conf&d under pressure at elevated tempera- 
tures, the product is another organoboron compound whose composition is B&H,. 

n 

Fro. 4.Etructure of Qhydrocarborane-l (B&H,). 

Before bemg analysed by n.m.r. spectroscopy, this compound was believed to be 
“ethenyltetraborane”;OO however, subsequent studies in our laboratory indicate that 
the compound is structurally similar to hexaborane-10 in which the two carbon atoms 
have replaced two boron atoms and two bridge hydrogens in the base of the penta- 
gonal pyramid (Ftg. 4). Consequently, this compoundis named “dihydrocarborane-4”. 
Recently,BO some alkyl derivatives of B&H, have been reported. * It is very probable 
that other drhydrocarboranes will be prepared in the future. 

Now that pure organoboron compounds can be synthesised and idcntrfied, 
methods for elemental analysis of boron and carbon are being developed.sl~SP 

B-Dte Identitixienmg vieler neuentdeckter Verbm- 
dungen, die nur die Elemente B, C und H enthalten, gelang rnrttels 
Massen-, Infrarot- und Kernreaonanzspektroskopie in Verbindung 
mtt Isotopensubstitution. Die Verbmdungen k&men m xwei Klassen 
aufgetcilt werden: 1) organische Derivate der Borhydnde und 2) 
Carborane (und ihre organischen Denvate). Betsprelc von Verbm- 
dungen, dte mit ausschltefQch spektroskopischen Mttteln identdixiert 
wurden. werden angegeben. 

Resume-L’rdentificatton de nombreux composes nouvellement d&zou- 
verts, constttuCs seulement par les trois Uments B, C et H, a tte 
r&ah&e par l’em loi des spectroscopies de masse, mfrarouge. et de 
resonance magn ttque nucltaire, en liaison avec la technique de ! 
substttution isotopique. Ces composes peuvent &re classes en deux 
categortes gcnCrales: (1) les organodCriv& dea borohydrures et (2) 
les “carboranes” (et leurs d&&s or 
de composes tdenttfib par des m& $ 

mques). On donne des exemples 
odes purement spectroscopiques. 

l Attentton IS called to the fact that the structure of B&H, cited recently’0 was taken from the 
work of I. Shapuo and H G. Weiss without permission or acknowledgment of the senior mvestigator. 
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POLAROGRAPHIC REDlfCTION OF MANGANESE’” 
IN AN ALKALINE TARTRATE SOLUTION 
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Department of Chemrstry, Faculty of Sctence, Tohoku Umverstty. Sendai, Japan 

(Recerwd 19 June 1963. Accepted 8 October 1963) 

Summary-The formatton of manganese*xx complexes by the au 
oxtdatron of mangane@ in alkalme tartrate solutton IS confirmed by 
measurement of the duect current and the Kalousek polarograms. A 
dtstinct mmimum IS observed on the polarogram in the pH range from 
10 to 13. The effects of pH, the concentration of sodtum tartrate and 
surface-acttve substances on the polarogram are Investigated, and the 
electrode processes of manganese’” m an alkaline tartrate solution 
are discussed 

THE polarographtc reductton of manganese tr has been extensively studied, but that of 
manganese rrr has not received full investigation. Kolthoff and Watters’ studied the 
reduction of the pyrophosphate complex of manganese’tt, which was prepared by the 
prehmmary oxidation of manganese” in a pyrophosphate solutton with excess lead 
dioxide. Novak, Ktita and &ha* studied the polarographrc behaviourof manganese”* 
in a solution contammg sodmm chloride, sodtum hydroxide and triethanolamme. 
Svitek, Roubal and Pi.tbtP found a reversible wave for the manganeseIt complex 
with pyrocatechol-3,5-disulphonate in an ammomacal buffer and m sodium hydroxtde 
solution. Verdier’ reported the polarographic reduction of hexacyanomanganate’tl*), 
whtch was prepared by au oxtdation of manganese” in potassium cyanide solution. 
He4 found, however, that m 2M potassium hydroxide solution containing sodtum 
tartrate, manganese” was oxtdtsed to manganese”’ by atmospheric oxygen. 

The present paper is concerned with a polarographic study of the manganeset*I 
complex produced by the air oxidatton of manganese” in an alkaline tartrate solution. 
The oxidation state of the complex is dtscussed on the basis of the direct current and 
the Kalousek polarograms obtamed. The minimum on the current-voltage curve is 
explained from the standpomt of the charges of the complex and the electrode. 
The deceleration and the acceleration of the electron-transfer process by the addrtton 
of surface-active ions are demonstrated. 

EXPERIMENTAL 

The manganesem was prepared by au oxidatton of manganese? in an alkalme tartrate solutton. 
The formatton of manganesert* was confirmed by the polarographtc method descrtbed later A 0 IM 
manganesetr solutton was prepared by dtssolvmg a known amount of manganeset* chlortde tetra- 
hydrate. 

Direct current (d c.) polarograms were recorded by a Yanagtmoto PB-4 pen-recording polaro- 
graph and a Yanagtmoto Galvarecorder GR-103 with an automattc potentral scanner. A Yanagtmoto 
Galvarecorder Y-GR 2 wtth an automatic potential scanner was used to record alternating current 
(a.c.) polarograms. Kalousek polarograms’ were obtained wrth the same cucuit as prevrously 
descrmed.**’ Current-time (t-t) curves were recorded usmg a Rrkadenki ER-J 1 recorder with an 
RLDC-201 preamphfier. An electrolysis cell of a simple beaker type was used in all measurements. 
The dropping mercury electrode (DME) used had an m value of 2.16 mg/sec and a drop ttme t,, of 
4 89 aec, being measured m 0 I M potassium chloride solution containing 0 005% of gelatm at 25” 
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and -0 5 V us SCE at a 40 cm hetght of the mercury reservoir The potential of the DME was 
measured agamst a saturated calomel electrode (SCE), which was connected to the electrolytic 
solution through a Hume and Harris type salt bridge When a.c polarograms were measured, a 
platmum wire electrode of a large surface area was inserted m the electrolytic solution as the third 
electrode, which was termmated at the SCE through a lOO-PF capacitor A Hltacht Model EHP-I 
pH meter was used for measurement of the pH of the solution 

All measurements were carried out in a thermostat of 25” f 0 1”. and the dissolved oxygen In the 
electrolytic solution was removed by bubbling pure rutrogen gas through the solution Precautions 
were taken agamst oxygen and light for manganese” and manganese”‘* solutions, respectively 
The d c and Kalousek polarograms gven in this pape.r are corrected for the restdual current. 

RESULTS AND DISCUSSION 

Manganese species in an alkaline tartrate solution 

Polarograms of 1.2 mM of manganese obtained before and after the air oxldatlon 
in the solutions of pH 11.8 containing Britton-Robinson buffer, 0.25M sodium 
tartrate and 0405~0 of gelatin are reproduced in Fig. 1. The polarogram of manga- 
nese” (curve 1) is the same as that reported by Er-Kong and Vleek.* They consider 

IO, 

0- 

6- 

a4- 
ri 

0 -0.5 - I.0 -1.5 -2.0 
E, v YZ s C.E. 

FIG 1 -Polarograms of 1 2 mM of manganese in the solutions of pH 11 8 contammg 
Bntton-Robmson buffer, 0*25&f sodium tartrate and 0 005 % of gelatm, obtamed before 

(curve 1) and after (curve 2) the air oxidation. 

that manganese’r exists in various forms of mono- and binuclear hydroxotartrato- 
manganate’“), of which only the mononuclear complexes are reducible at$he dropping 
mercury electrode. The polarogram obtained after the air oxidation (curve 2) shows a 
remarkable minimum, and does not coincide with the polarogram obtained by 
Verdier’ rn 2M potassium hydroxide solution containing sodium tartrate. The 
limiting currents of curve 2 measured at - 155 V and - 190 V were both proportional 

l Photochemical reduction of vxxr in an alkaline tartrate solution is reported elsewhere. 
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to the concentration of manganese ‘I added, and the ratio of the latter to the former 
was found to be 2.96 after correction for the drop time. This means that the limitmg 
current at - 1.55 V IS from the one-electron reduction of manganese”’ to manganese” 
because the second wave startmg approximately at -1.6 V is a reduction wave of 
manganese” to manganeseO. 

The formation of manganese”’ Was also confirmed by the Kalousek polarograms 
recorded before and after the au oxidation. Curves 1 and 2 m Fig. 2 are the Kalousek 
polarograms which were recorded with an alkaline tartrate solution of manganese” at 

0 -0 5 -1.0 - I.5 -2x) 

FIG. 2.-Kalousck polarograms of 1.2 mM of manganes@ (curves 1 and 2) and 
maaganese~~~ (curves 3 and 4) in the solutions of pH 11.8 contpining Britton-Robinson 
buffer, 0.2SM sodmm tartrate and gelatin (0 005 % for 1 and 2 and OXlO % for 3 and 4). 
E, potentials are: 

(I) -0 10 V; (2) -@3OV; (3) -042 V; (4) -155V tw. SCE. 

-0.10 V and -0.30 V of Ee potential. 6*7 The cathodic part of the polarograms is 
essentially the same as the polarogram obtamed after the au oxidation. The Kalousek 
polarograms recorded after the air oxidation (curves 3 and 4 in Fig. 2) give anodic 
waves, which are similar to those observed with the alkaline tartrate solution of 
manganese”. These observations suggest that the product obtained by the air 
oxidation is the same as that obtained by electro-oxidation. In addition, the Kalousek 
polarograms of the alkaline tartrate solution of manganese”’ recorded at -0.42 V 
and -1% V of Ee potential show that the reduction products are the same at both 
potentials and that the potential of the anodic wave agrees with that of the mono- 
nuclear manganese” tartrate complexean This suggests that the manganese”‘- 
tartrate complex obtained by the air oxidation is of a mononuclear type. 
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EJect of pH, tartrate concentratron and potassium nitrate 

A synoptical denotation of the wave is given in Fig. 3. The first round-shape wave 
is called the i,’ wave and the second drawn-out one the i, wave, because both are 
considered as being caused by the reduction of manganese”’ to manganese”. The 
average currents of both waves are represented with T,’ and i,, respectively. 

The effect of pH on the polarogram of manganeselIT in a tartrate solution IS 
shown in Fig. 4. Because manganese” was not readily oxidised by an at a pH less 

than 

I 
I 

‘2 

I 

J t _-___- 

t 
‘I 
1 

Potentlol 

FIG. 3.-SynoptIcal denotation of the manganese I** wave m alkahne tartrate solutlon. 

6 

0 -0 5 - 1.0 -1.5 --: 
E. V YS SCE. 

FIG. 4.-Polarograms of 1 0 mM of manganese II1 at various pH in the solutions con- 
tainmg 0 25Msodmm tartrate, 0 001% of gelatm and Brrtton-Robinson buffer (curves 1, 
2 and 3) or 0 1M sodium hydroxide (curve 4) 

(1) pH 9 1; (2) pH 10 5; (3) pH 11.8. 

11, the pH of the solution was adjusted with perchloric acid after manganese” is ___ 
oxidised to manganese”’ at pH 1 l-8. With decreasing pH, the minimum becomes less 
pronounced, the i,’ wave shifts to less negative potentials and (iI’)I increases to reach 
the limiting value that is the same as (i&, where (ii)l and (Q1 represent the limiting 
currents of the corresponding waves. At pH 9.1 a polarogram with no minimum is 
obtained (see curve I), while in 0.IM sodium hydroxide the i,’ wave almost vanishes 
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(curve 4). The decreasing pH also shifts the t, wave to less negative potentials. The 
shtfts of the I~’ and the I~ waves to more negative potentials with increasing pH 
Indicate that hydrogen Ions are taken up when the manganese”’ and the manganeser’ 
complexes are reduced to the correspondtng lower oxidation states. 

The effect of tartrate ion on the reduction wave was mvestlgated by recording the 
polarograms m the presence of varied concentrations of sodium tartrate. With 
increasing concentrations of tartrate, the il’ wave started at more negative potentrals 
and the il’ current decreased; the i,/lO-p’otentials, which mean the potentials at 
i = &/IO, were found to be -0.24 V at O*lOM and -0.35 V at 0*7OM of tartrate, 
respecttvely. This suggests that tartrate ions are liberated when the manganese”‘ 
complex is reduced to the bivalent state. As for the i, wave, the potentials were not 
appreciably affected with the increase of tartrate concentration, but the hmltmg 
current was depressed to a great extent. The value of (i&/C measured at - I.55 V 1 s. 
SCE varied from 2.7, pA/mM to 2.2, pA/mM, when the tartrate concentration was 
changed from 0.25M to 0%3M. This decrease may be attributed to the increasmg 
number of tartrate ions co-ordmating. 

In Fig. 5 are given the polarograms which were obtained at various concentrations 
of tartrate but at a constant lontc strength, being adjusted wrth potassium mtrate 
The same decrease in the limlttng current of the i, wave with increasing tartrate 
concentrations was observed. These polarograms in Fig. 5 present, however, not 
only the affect of tartrate but also the affect of potassium nitrate on the reduction wave. 
A separate experiment Indicated that upon the addition of potassium rutrate, the i,’ 
wave was suppressed and the l1 wave was shifted to less negative potentials The 
former seems to be from the presence of mfrate ions and the latter from potassium ions. 

Eflect of surface-active substances 

By the addition of gelatin both the i,’ and the i, wave are depressed (Fig. 6). This 
agrees with the fact that gelatin adsorbs on the mercury surface in the wide range of 
potentials. On the other hand, the addition of thiocyanate ions, which adsorb 
mamly at the positive branch of the electrocapillary curve, depressed only the I~’ wave 
(Fig. 7). A most interesting effect of a surface-active substance was found when 

tr~methyloctadecylammonium chloride, (CH&(C,Hs,)N+CI-, (denoted as TMOAC) 
was added to the solution. Fig. 8 presents the polarograms obtamed at various 
concentrations of TMOAC. The addition of a small concentratton of TMOAC 
depresses both the i,’ and the i, wave. At higher concentrations of TMOAC, however, 
the electron transfer at the i,’ wave is further decelerated but that at the i, wave IS 

considerably accelerated. The dual (deceleration and acceleration) effect of surface 
active substance has been reported by Frumkin and coworkers,s who found that 
tetrapentylammonium ion, at its lower concentration, accelerates the reductton of 
tetrachloroplatinate ‘I’) but at its higher concentration, decelerates the reduction 
The dual effect of TMOAd on the reduction of manganese”’ * In an alkaline tartrate 
solution is seen also from the current-time curves during the life of a mercury drop 
measured at -0.82 V us. SCE (Fig. 9). 

Electrode process of manganese’” in an alkaline tartrate solution 

As mentioned above, the results obtained with the Kalousek polarograms suggest 
that the manganese”’ species produced by the air oxidation in an alkaline tartrate 
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Fro. 5.-Polarograms of 1.2 mM of mangane&~ in the solutions of H Il.8 and ionic 
k stmngth 2-O (adjusted with potassium nitrate) containing Bntton- obinson Buffer, 

various concentrations of sodium tartrate and 0901% of gelatin. Concentrations of 
sodium tartrate: (1) 0 125M; (2) O.ZSOM; (3) 0 375M; (4) 0 625M. 

E, v YS. S.C.E. 

FIQ. 6.-Effect of gelatin on the polarograms of 1.2 mM of mangancse~~~ in the solu- 
tions of pH 11.8 containing Britton-Robinson buffer, 0 25M sodnun tartrate. Gm- 
centrations of gelatin: (1) 0; (2) OXlO %; (3) 0 005 %; (4) 0 01%. 

- 0,s -1.0 -1.5 

E, v YS. SC.E. 

FIG. 7.-E&t of tluocyanatc ions on the polarograms of 1.0 mM of manganc&~ in 
the solutions of pH 11.8 containing Britton-Robinson buffer, @25M aodium tartrate 
and @OOl % of gelatin. Concentrations of thiocyanate: (1)O; (2) @OlOM, (3)0*03OM. 
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FIG. I.-Polarograms of 1.2 mM of manganesex11 in the solution of pH 11.8 contammg 
Button-Robmson buffer, 0 25M sodium tartrate m the abscna (curve 1) and in the 
presence of 0 13 mM (2), 0 25 mM (3) anh:n;:~M (4) of trimcthyloctadecylammonium 

Ro. 9.-Current-time curves at -0.82 V 0s. SCE obtained with the 
&WC soh~tion~ aa given in Fig. 8. 
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solutton is hydroxo~rtratomanganate(It1) complex, Mn(~H)~(tar)~7- (tar = tartrate), 

whrch is considered to be negatively charged m an alkaline solutron. 
The plot of log i/(id - i) against E for the i,’ wave grves a strarght lme wnh a slope 

of approximately 80 mV, which IS somewhat greater than expected for the reverstble 
one-efectron reduction. The i, wave, on the other hand, IS drawn-out and of an 
trreverstble type. The measurement of a.c. polarograms confirmed the degree of 

trreversrbihty of both rr’ and I~ waves. The value of ir/nidV%;‘O of the rr’ wave, where 
11, means a peak current of a.c. polarogram, id the dtffuston current ofd c. polarogram, 
n the number of electrons involved in the electrode process and td the drop ttme, was 
calculated to be 25.4 UA-l se&‘*, which is about half of that for the reduction of 
zmc*t m 1 M potassium nitrate solution, but approximately 4 ttmes greater than that 
for the reduction of nickel” m 0.1M potassium chloride solution. The I~ wave, on 
the other hand, shows no peak on the a.~. polarograms. 

The hydroxota~ratomanganate(lr1) complex is reduced to the correspondmg 
manganeseI complex. Because the complex is negattvely charged, It can readtly 
approach to the positively charged electrode surface and, consequently, the electrode 
process takes place wtth lower acttvatron energy. The rate of electron transfer IS of the 

magnttude of the quasi-reversible type* bemg estimated from the value of t&i~Z/td 
and the shape of the Kalousek polarogram. This electrode process IS, however, 
eastly hindered by the addttion of a small amount of surface active substance that IS 
specrfically adsorbed in the positive branch of eleetrocapdlary curve, such as thro- 
cyanate Ions, because the complex is not specially surface acttve, as was confirmed by 
the measurement of the electrocapillary curve. 

This electrode process is decelerated by the decrease m posttrve charge and the 
Increase rn negative charge of the electrode. This causes a muumum on the current- 
potential curve as has been reported in the case of the reductton of many arnons.rl 
The mmimum is not observed at lower pH, because of the decrease in negatwe charge 
of the manganese”’ compIex species. 

In the negative branch of the electrocapdiary curve, the electroreductton of the 
complex with higher activation energy takes place. Thus seems partly because of the 
electrostattc repulsion, between the complex and the negatrvely charged electrode. 
The addrtion of cations that adsorb on the electrode surface neutraltses the negattve 
charge of the electrode or those cattons act as bridging ions so that the acttvatron 
energy is lessened and the electron transfer is accelerated. 

Zusamm~aasung-DIG Blldung von Mangan(III)-Komplexen durch 
Luftoxvdation von Manean in atkabcher Tartratlcsuw wrde 
durch ‘Messung der Gle~hs&m- und der Kaiou~-Polar~gramme 
best&t@ Bin deutlrches Mmrmum erschten im pH-&relch van 
10 his 13 auf dem Polarogramm Der EmfluB des pH, der Konzentra- 
tlon von Natrlumtartrat und von oberflfichenaktwen Sroffen auf das 
Polarogramm wurden untersucht und die Elektrodenprozesse von 
Mangan(III) in alkaiischer Tartratlbung diskuttert 

R&sum&La formatIon de complexes du manganWii1) par oxydatton 
A l’alr du manganbe(l1) en solutlon tartrlque alcalme a et6 confirmee 
par la mesure du courant contmu et les polarogrammes de Kalousek 
On a obse~& un mmtmum net sur Ie polarogramme, dans I’mtervalle 
de pH IO-13 On a btudti les effets, sur Ie polarogramrne, du pH, de 
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la conccntratton du tartrate de sodrum, et dca substances tensro- 
acttvcs, on dtscute dcs proccssus a l’tlcctrode du mangan&ac(III) en 
solutron tartrique alcahne. 

229 

REFERENCES 

1 I. hi. Kolthoff and J. I. Wattcrs, Ind @g. Gem., Analyr., 1943, 15, 8. 
1 J. V. A. Novak, J. K&a and J. kiha, Chem. Ufy, 1953,47,649. 
a E. Svatek, Z. Roubal and R. Pfibd, ibid., 1953,47, 1472 
4 E. T. Verdw, Gulf. Czech. Chem. Comm, 1939.11,233. 
s M. Kalousck, ibid., 1948, 13, 105. 
* N. Tanaka, R. Tamamusht and M. Kodama, BulI. Chem. Sot. IF, 1960,3% 14. 
’ N. Tanaka, R. Tamamusht and A. Takahashi. COIL Czech. Ckem. Comm., 1960, a, 3016. 
a Wang Er-Kong and A. A. VI&k, ibid., 1960,25,2089. 
* A. N. Frumkin. 0. A. Petrii and N. V. Nikolaeva-Fcdorovich. Doklady Akad. Nauk S.S.S.R., 

1961,136,1158: 
to M. Scnda, M. Senda and I. Tachi, J. Hectrochem. Sot. Japan, 1959,27,83. 
It A. N Frumkm and N. Ntkolacva-Fcdorovich, Progress in Polorqqrtqhy, edited by Zuman and 

Kolthoff. Intcrsciencc Publishers, N.Y., 1962, Chapter IX. 



-hbma. 1964. Vol II. pp 231 10 239 Peqamon Praa Ltd 

A MODIFICATION OF THE EXPONENTIAL EXCHANGE 
LAW IN HETEROGENEOUS SYSTEMS 

B. VAN? RIET and L. J. PARCELL* 
Cobb Chemid Laboratory, University of Vugima, Charlottcsvllk, 

Viinia, U.S.A. 

(Raeived 19 June 1963. Accepted 27 September 1963) 

SanrIy-TtIc exponential exchiMge law for be- systems 
an be applied to isot 
saturated solutions after XJ 

edmgc between solid salts 8nd their 
wancc is m&c for the initul mpid exchange 

between the solution and the aystal swfacc. For a variety of salts it is 
possible to get informatIon on the dynamic equilibrium between the 
surface and the intenor of the crystals. Expenmental results are 
presented for the chromates of silwr, benurn and lad. Sikr chro- 
mate exchanges rapidly with silver ion, without showing significant 
exchange with chromate ion. Rccrystalhsation effects pn evident in 
the chromates of barium and kad. 

INTRODUCTION 

THE exchange between fresh precipitates and saturated solutions has been the subject 
of study by Kolthoff and his associates since 1933.’ The incorporation of radio- 
isotope in the solid was attributed to recrystallisation of the solid, thus exposing 
continuously new surface. Most of this work preceded the formulation of the 
“exponential exchange law” by McKay in 193&s 

This law, as applied to heterogeneous systems, states that 

Rt = - +-$J In (1 - F) (1) 

where R = moles of tagged material crossing the interface per time unit, 
t = time, 

A = moles of solid, 
B = moks of tawd solute in solution, 
F = fraction of exchange, which can be expressed in count rates of aliquots of 

the solution. 
If the solution contains all the radioactivity initially, 

F= So - S, 

S* - Sa. 
in which SO = cpm at t = 0; S, = cpm at t = t, and S, = cpm at isotopic equi- 
librium throughout the system. 

Experimental results show clearly that the exponential exchange law is not valid in 
exchange between an initially inactive solid and its saturated radioactive solution. 

l From Ph.D. dissutation, submittai by L. J. Pucell to the Gmduatc School of Arts, and 
Sciwfzu, university of vii June, 1963. 
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An example of the results of such an experiment is shown in FIN. 1, curve I A rapid 
inma increase, followed by a slower, but linear increase of - log (1 - F) with time 
IS shown. 

Because the initial rapid exchange IS caused by exchange with the surface, there IS 
a simple method of separating the fast and slow exchanges mathematically. We 
studied the slow exchange process by application of a modification of the exponential 
exchange law. Apparent deviations from this law, as caused by the initial rapid 
surface exchange, are eliminated by this modification. 

DISCUSSION 

One essential requirement for conformity with the exponential exchange law of 
heterogeneous systems is a relatively rapid isotopic equilibrium m each phase com- 
pared to the rate-determining step in exchange at the interface. Generally the surface 
of crystals is considered to be part of the solid phase. However, in isotopic exchange 
it IS necessary to treat the crystal surface and the solution as one single phase, and the 
interior of the crystals as the second phase. This approach is made because the rate- 
determining step in the slow exchange process is either between the surface and the 
interior of the crystals, or in the interior of the crystals, but certainly not between 
solution and surface. 

The initial condition for the slow exchange process is ideally a solution in isotoptc 
equilibrium with the surface, without any activity bemg present m the interior of the 
crystals. An approximation to this condition is obtained by extrapolatron of the 
linear part of curve I m Frg. 1 to t = 0; the F value obtained by this extrapolation 
pertains to surface exchange only. 

The slow exchange process starts with an initial activity in solution reduced by 

surface exchange from Se to S,,*. 
B 

The value of S,* is obtained from S,* = - 
M, + & 

in which B is the number of moles of tagged species in solution, and M, is the number 
of moles of the same chemical species in the surface of the crystals. This modification 
of S,, to S,* is not dependent upon the mechanism of the secondary slow exchange 
process. The newly defined S,,* can be used to check the validity of the exponential 
exchange law for the slow secondary exchange. It is determined from the F value 
obtained by extrapolation of -log (1 - F) to t = 0. 

The exponential exchange law needs modification when it is applied to the slow 
exchange process after isotopic equilibrium is established between the solution and 
the surface. It takes the form 

Rt = - (A - M*)(B + M‘) In (1 _ F*) 

A-4-B 

where A, B, R and t are as in equation (I), M, = number of moles in the surface, and 

F* = s,* - s, 

se* - s, * 

A plot of -log (I - F*) versus time is given in Fig. 1, curve II. For this example 
of exchange between solid silver chromate and its saturated solution contammg 
tagged silver nitrate, a linear relationship is obtained. A small positive deviation from 
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the origin on the time abscissa would be expected, because the slow exchange process 
cannot become significant until some exchange has occurred between the solution and 
the surface. However, the linear relationshlp is an mdlcatlon of a rate-determming 
step in exchange between the surface and the Interior of the crystals. 

More indication of the validity of thrs form of the exchange law is obtained by 
changing variables which shou!d not affect the chemical ~rn~s~tion at the interfaces. 
The weights of identical crystals taken for an experiment can be varied. R should be 
directly proportional to the mterfacial area, or to the weight of sohd used. It IS 
convenient to define K by R = K . A, because K IS independent of the weqht of 
solid used, and K is expressed in reciprocal time units. Because M, is generally smalf 
compared with A, the following expression is obtained : 

d[-ln(I’-F*)l=K A +B 
dr B+M; 

The two criteria, a linear relationship between log (1 - F*) and time, and a value 
of K independent of the amount of solid used, can be applied to a variety of systems. 
Results of our studies show that the exchange between silver ion in solution and 
solid silver chromate conforms to equations (2) and (3) m all cases. 

Deviations from this exchange law are evident m exchange between either solid 
lead chromate or barium chromate, and tagged chromate m their saturated solutions, 
because a linear relatlonship IS not obtained The devlatlons do not necessarily show 
that there is no rate-determmmg step m exchange somewhere between the surface and 
the interior of the crystals. The requirements for conforming with equations (2) and 
(3) include : 

(a) a relatively rapid equilibrium of isotopes in each of the two parts m which the 
system is separated ; 

(6) a constant interfacia1 area during the experiment. Recrystallisation generally 
decreases this area, and solutions should be used in which rec~stal~isation IS kept to 
a minimum. Shaking may rupture crystals, causmg increase of the surface area. 

(c) no unidirectional recrystallisation. Some freshly prepared crystals (e.g., lead 
chromate) may change to a more stable crystal lattice, or they may undergo a chemical 
change. A temporary heterogeneous isotopic distribution may result from such 
transitions. 

Generally the number of moles of tagged species in soWion is much smaller than 
the number of moles of solid, because the most accurate determinations of M, are 
obtained when B s M,. The value of S, is much smaller than that of either S, or S,* 
in our determinations. If S, is ignored in calculation of F and of F*, the following 
approximate values are obtained : 

--In (1 S1 - F)g --In- 
SO 

and --In (1 - F*)= --InA. 
se* 

The variable with time is S, in both cases, and identicaf siopes are obtained for the 
linear part of curve I and curve II in Fig. 1. The modification of the exchange law 
causes a change in the relationship between the slope and K, without changing the 
slope significantly. 

In any experiment with systems confo~Ing to the modified exchange law, a value 
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of the rate constant K can be found, giving the number of moles of tagged species 
crossmg the interface per time umt per mole of sohd present. More information on 
the actual mechamsm can be obtained by determination of K at various temperatures, 
at different compositions of the saturated solutlon, and for changes of size and shape 
of crystals. The effect of some of these variables on the exchange between silver Ion 
and silver chromate is shown under Experimental. 

EXPERIMENTAL 
Ret7gI?tlts 

Radioacrroe srlver 0346 g of Analysed Reagent grade sliver foil was Irradiated m the I-Mw 
reactor at the Unrvenity of Wrglnia to give about 1 mcurie of rromAg. The stlver was dissolved m 
dilute nrtnc acrd, and surtable portions of the solutton were used for exchange studres. Excess of 
nitnc actd was removed by evaporatron under infrared radiation followed by heating at 110” for 1 hr. 
The resrdue was dtssolved In disttlled water 

l-0 - 

@6- 

I 
0 IO 20 30 40 50 60 70 60 SO BOO 

Tlmc, hr 

FIG. 1.-A typical exchange between sohd nlver chromate and tagged 
stlver ion in 50% ethanol. 

I. Ordmate is -log(l - F) 
Ii: Ordinate Is -1ogU -p) 

Radbmctrve chromium. Wr in the form of chromate was obtatned from Squibb m 50-p curie 
amounts. Also 10 mcunes of WrCl, in HCI (Oak Ridge Natronal Laboratones) was used. Chlonde. 
which was present m the solutions from both sources, must be removed, because rt would cause 
precipitates of stlver chlonde m silver ton-sdver chromate exchange. Thus removal was done-by 
addition of excess of 6N mtric acrd and sulBcrent inactive potassium chromate to make a fmal aolutton 
of about IO-‘Mchromate. Evaporation removes chlonde as NOCI, and reduces chromate to chromic 
ion. Oxidation back to chromate was done by excess of hydrogen peroxide after adjustment of the 
pH to 10 wtth potassium hydroxide. After evapcration of this solution to mmove hydrogen peroxide, 
the residue was drssolved in distilled water, and the pH was adjusted to 7-O with O*OOlM percblonc 
acid. 

s-Diphenyl curbuzide reagent for chromate contamed 0 25 g of Eastman reagent (Cat 618) and 4 g 
of phthahc anhydnde (Matheson Coleman and Bell, Cat 2619) m 100 ml of 95 % ethanol. 

Silver nllrate ond potassium nitrate: O*lOOM stock solutions were prepared from Baker and 
Adamson AR-grade chemicals. and drsthled water. 

Barium chloride Baker and Adamson purified BaCl, 2HsO was used to prepare a O*lM solutron 
in drstilled water. 

Leod perchlorate. Baker’s N.F. PbO was added slowly to 70% Baker and Adamson reagent- 
erade nerchloric acid, The solutron was filtered to remove traces of PbCs, and was diluted to W. 
The pk was ad 

B 
usted to 2.5 with dilute perchloric acid. 

Acetate bu er 160 g of sodium acetate and 6.0 g of glacial acetic acid, both AR-grade wue 
dissolved m 2 litres of dlstrlled water. 

EthunoI: Either Phpnmx, or US1 ethanol was used in the experiments. 
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Prepararrons of precrprlales 

In general, stock soluttons of reagents were filtered through fine glass filters before use m pre- 
ctpttattons Supersaturated mtxtures were prepared by raptd mtxmg of equivalent soluttons m a 
400-ml polyethylene beaker A Sargent Cone-Drtve Sttrrer, with a glass rmpeller havmg two blades of 
2-cm length each, was used at 300 rpm for mtxmg. After about 3 mm most of the prectpttate had 
formed, and the suspenston has poured mto 200-ml wtde-mouth bottles, and was centrtfuged for 5 
mm at 2000 rpm After decantatron, the prectpttate was washed twtce wtth dtsttlled water, then wrth 
macttve solutton of the same composmon as the exchange solutton 

Precipitates of stlver chromate were prepared by raped mtxmg of 200 ml of soluttons of stlver 
mtrate and of potasscum chromate to gave nuttal concentrattons of silver chromate of 8 75 > lO-4M, 
and of 500 >: 10-SM. The chromate solutton contamed 10 ml of acetate buffer. 

Solid barium chromate was formed by mixmg O$IOSM soluttons of bartum chlortde and of potas- 
slum chromate Lead chromate was formed In mtxtures of O-OIOM lead perchlorate and of 0 OIOM 
potasstum chromate The pH of both solutions was adjusted to 1 8 before mtxmg 

Exchange experiments 

The prectpttates were left in the 200.ml centrtfuge bottles after the last washing The approprtate 
tagged solutton was added (generally 100 ml), and the resultmg suspensron was kept agitated using a 
Burrell wrist-actton shaker. The bottles were kept in a water bath at 25 i 0 I”. At intervals the 
lrqutd and the solid phase were separated by centrtfugatton. Ahquots of 0400 ml were taken from the 
solutron for acttvtty measurements. At the end of the expenment the crystals were filtered mto fine 
smtered-glass cructbles, and thetr wetght was determined after drytng at 110” The chromate concen- 
tration m solutrons containmg silver nitrate was deternuned by the dtphenylcarbaztde method 
The absorbance at 540 rnp was compared wtth the absorbance of standard soluttons of chromate 
The presence of silver ton dtd not affect the absorbance. 

The countmg of the ahquots was done in a scmttllatton well counter (Batrd Atomrc, Model 810) 
connected to a single channel analyser, whtch counted m the photopeak of the Isotope The countmg 
of Yr samples was done at approximately the same ttme for each expertment m order to avoid decay 
corrections. 

Because the surface area was poorly reproduced in duphcate experrments the values of K deter- 
mined from the count rates were dtvtded by the percentage of surface found by exchange K IS 
expected to be proportional to the specrfic surface if the crystals are of tdenttcal shape, but of different 
size K/ % surface gives a measure of the exchange per unit area of the surface. 

RESULTS 

Electron micrographs were made of carbon replicas of silver chromate crystals 
formed from stirred supersaturated solutions at various initial concentrations 
Typical results are presented for precipitates from 8-75 x 1WM Ag,CrO, (micro- 
graph A, Plate I), and from 5.00 x 1O-3 MAg,CrO, (micrograph B, Plate I) The 
pyramid faces formed on crystals at the lower concentration are not visible on 
crystals from the higher concentration. Agglomeration is evident in the second 
micrograph. 

Agmg for three days in 10-‘M AgNOa in 50% ethanol gives an indication of 
surface changes on the large crystals, without causing change in the appearance of 
the agglomerates of small crystals. Micrograph C, Plate I, shows the effect of aging 
on crystals from 8.75 x 10-‘M A&CrO,, and micrograph D, Plate I, indicates little 
change of the agglomerates formed from 5.00 x 10-9M Ag,CrO,. 

Table I shows results obtained using precipitates formed under identical conditions. 
Nevertheless, surface exchange varied from 2.79 % to 2.02 %, and K from 2.14 x 1O-3 
to l-52 x lW/hr. However, K/x surface remains fairly constant, mdicatmg little, 
if any, effect of the three-fold increase of the silver ion concentration m solution on 
the rate of exchange. 

Table II shows the effect of increase of supersaturation in precipitate formation 
on exchange. The exchange surface and the exchange rate constant are smaller than 
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FIG 2.-Comparrson of silver and chromate exchange. 

1-1~00 x lo-‘M KSS’CrO, 
II-8 77 x lo-‘M “00 = m 1.0 x lo-‘M AgNOI 

III-l+lO x IO-‘M llomA; NO, 
(Ag,CrO, from solutron 8 75 x lo-‘M m Ag,CrO, trutlally.) 

TABLE I.-EXCHANGE BETU'EENCRYSTALS FROM 875 x lo-‘M Ag,CrO, 
ANDTAGGED Ag+ IN ~O'AETHANOL. 

100 ml of 10 x lo-‘M AgNOI 100 ml of 3 0 x lo-*M AgNO, 
A = 1.34 x lo-’ moles A = 2 13 x 10-gmolcs 

TWX. 
hr 

0 

St 

13.470 

Time, 
-log (1 - F) hr St -log (1 - n 

- 0 13.360 - 

2.7 9;230 179 4.2 11;160 0.088 
17 3 7.190 309 17.1 10,000 0 145 
23 4 6,160 380 409 8,240 0 247 
41 6 4,640 530 65 4 6,550 0 374 
45 5 4,030 605 71 8 6.190 0 418 
500-8 3,720 654 95.0 5,260 0508 
59 3 2,920 801 120.7 4,680 0.583 
904 2.210 -992 

o/O surface = 2 79. o/o surface = 2 02. 
K = 2 14 x lo-‘/hr K = 1 52 x lo-*/hr. 
K/x surface = 7 7 x lo-*/hr. K/x surface = 7.5 x lo-‘/hr. 

TABLE II-EXCHANGEBETWEENCRYSTALSFROM 50 x 10-aMAg,CrO, 
ANDTAGGED An+ IN 50% ETHANOL 

100 ml of 3 x lo-‘M AgNO, 100 ml of 6 x lo-*M AgNO, 
A = 35 9 x lo-’ moles A = 35 3 x lo-* moles 

Tnme. Time, 
hr St -log (1 - F) hr St -log (1 - F) 

0 10,890 - 0 12,130 - 

2f.9 4,250 3,530 416 495 2:: 6,310 5,080 289 378 
28 0 3,320 526 52 1 4,400 *451 
45.6 2.690 621 65 5 3,920 *503 
50 5 2,680 623 
66 4 2.400 672 

% surface = 1 25 y/, surface = 1 47. 
K = 2.14 x IO-‘/hr. K = 2 53 x IO-‘/hr. 
KJ% surface = 1 7 x IO-‘/hr K/x surface = 1 7 x IO-‘/hr 



Exponential exchange law in heterogeneous systems 

TABLE ~t~.--COMPARISON OF SILVER AND CHROMATE EXCHANGE 

237 

100 ml of 10-W AgNO, m 50% ethanol 100 ml of 1 x IO-94 AgNO, in 50% alcohol 
tagged with *DO,‘- tagged with rlrmAg 

A = 040 x lo-’ moles of Ag,CrO, from A = 0 73 x lo-’ moles of A&CrO, from 
8 75 x lo-‘M Ag,CrO, 8.75 x lo-‘M Ag,CrO, 

Time, 
hr -log(l - F) 

Time. 
hr St -log(l - l=) 

_ 
0 I 5,920 
27 10,440 

14 2 9.600 

z-9 9.560 9,460 
41.8 9.310 
49.1 8,880 
61 3 7.900 
85 5 8,130 

% surface = *85. 
K=47 x lo-‘. 

- 0 6.570 - 
*190 27 4,685 156 
*222 14 2 3,090 362 
*22s 201 2,695 *433 
-230 262 2,320 -511 
,238 41.8 1.865 -632 
-257 49.2 1,590 721 
.z! 61 85 5 3 1,480 905 1.108 -762 

% surface = 3.4. 
K - 2.7 x lo-‘. 

ok I I , I I I , I f I 

0 IO 20 30 40 90 60 70 60 90 100 UO 120 

Tllw, /w 

Fm. 3.-Exchange between solid PbCrG and la x 10-W KIWrOl m 50% ethanol. 
A-744X 1O+molcs. 

those found under the conditions in Table I. A two-fold increase of the silver ion 
concentration does not change the value of K/ % surface. 

Table III shows the results of exchange between portions of the same batch of 
precipitate of silver chromate and either uCrOl’, or =OmAg ion in 50% ethanol. 
Surface exchange is only O-85 mole %, and K = 47 x lV/hr for chromate exchange 
in a saturated solution of silver chromate in l(rM silver nitrate. The exchange with 
silver ion gives 3.4 mole% of surface, and K = 3.3 x lO-s/hr. Fig. 2 shows the 
difference in exchange rate, and it includes exchange in 1.00 x 1WM KsWrO, 
(curve I). The unfavourable ratio of B/A prevents determination of K from the slope 
of curve I. 

Our results indicate a ratio of eight readily exchangeable silver ions to one ex- 
changeable chromate at the surface. Preliminary experiments with other precipitates 
gave a similar ratio. 

Chromate exchange between solid lead chromate or barium chromate, and solu- 
tions tagged with chromate is illustrated in Figs. 3 and 4. The slopes of the curves 
change continuously, and therefore the mod&d exchange law cannot be applied to 
this exchange. 
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CONCLUSIONS 

The moddied exponential exchange law can be apphed to exchange between sohd 
silver chromate and solutions contalnmg either tagged silver ion, or tagged chromate. 
The difference in the rate constant, K, between the exchange with sliver ion and that 
with chromate is appreciable. Recrystalhsatlon alone cannot account for the exchange 

L I t f J 

0 IO 20 30 40 50 60 70 60 90 I00 110 

Time, /II 

Fro. 4.-Exchange between solid BaCrO, and 1 00 x 10-*&f K,WrO, In 50% ethanol 
R = 12 2 x lo-’ moles. 

mechanism. Moreover, recrystallisatlon would change the area of the interface, 
causing deviation from the exchange law. This process of recrystallisation may 
account mainly for the results obtained m exchange between 51Cr04s- and solid lead 
or barium chromate. 

The difference between the exchange surface found m chromate and silver ion 
exchange with silver chromate cannot be explained before more extensive studies 
are completed. Possible causes include adsorbed silver salt during the preparation 
of the precipitate, and more surface layers with readily exchangeable sliver than 
layers containing similar chromate ions. 

Calculating K/z surface, in evaluation of the properties of preapitates, gives 
interesting results. According to the results in Tables I and II, the exchange rate per 
unit area is much smaller for the agglomerates of small particles than for the rela- 
tively large crystals. Rapid aging during the precipitation, causing agglomeration, 
could decrease the areas of faces on which exchange mainly takes place, possibly the 
pyramidal faces shown in electron micrograph A. 

Ac&nowle@nenf$-The authors wish to express appreciation to D. F. Mitchell for help in prepara- 
tion of the &ctron micrographs. 

This study was supported by the U.S. Atomic Energy Commission under Contract AT+W-l)-2683. 

BLDas exponentielle Austauschgesetz fir heterogene 

Zen 
s tune kann auf den Isotopenaustausch zwischen festen Salzen und 

gesattigten L6surp angewandt we&n, wenn man den anfllngli- 
then schnellen Austausch zwis&cn Wsung und Kristalloheri%che 
berbcksichtigt. Bei verschiedenen Salzen ist es m6ghch, AufschluP 
Iiber das dynamische Gleichgewicht zwischen Oberfltiche und Innerem 
der KrMalle N erhalten. Experimentelle Erg&n&e an den Chroma- 
ten von Silber. Barmm und Blei werden angegeben. S8lberchromat 
tauscht mit Sllberioncn msch aus, mit Chrot;;a? nicht merklich. Bei 
Barium- und Bkichromat sind deutlich Rekristalliihonseffekte zu 
bbachtctl. 
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Rksume-On peut appltquer la 101 exponenttelle d’kchange des systemes 
heterogenes aux kchanges tsotoptques entre les sels sohdes et leurs 
soluttons saturees, apres avotr apporte une correctton pour I’kchange 
nntlal raptde entre la solutton et la surface du crtstal. Pour des sels 
divers, II est possrble d’obtemr des rensetgnements sur I’kquthbre 
dynamtque entre la surface et I’mterteur des cnstaux. On presente des 
donnks expkrrmentales pour les chromates d’argent, de baryum et de 
plomb Le chromate d’argent montre un &change raptde avec I’ion 
argent, sans Cchange Important avec I’ton chromate Les effets de la 
recrtstalhsatton sont evtdents pour les chromates de baryum et de 
plomb 
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REACTION OF IRON”’ WITH HYDROXYAMINOACIDS 

E. R. NIGHTINGALE, Jr.* and R. F. BENCK~ 
Esso Research k Engineering Company, Linden, New Jersey, U.S.A. 

and 
UniveMy of Nebraska, Lincoln, Nebraska, U.S.A. 

(&c&ed 22 JuQ 1963. Acceprcd 29 septcmbct 1963) 

Summa~--The stoichlomctry and aqurhbrium for the reaction of 
ironl*I with iV,IVdthydroxycthylglycme m aqueous medium has been m- 
vesttgated. Ironrxx is shown to form only a 1: 1 compkx with the figand; 
previous mports of a 2.3 complex are demonstrated to beerroneous. and 
probabi rcsultcd from noncqulbbrium titration measurements. Using 
a mod1 tLd BJerrum titration procedure, the uilibrium constant for 
the formation of the 1: 1 complex at 25” has ?a n determined to k 
3.8 x IO-# moles*/htrc~. Attempts to dH&cntiatc between altcmat!vc 
structures for the complex are tnconsequcntial, because the complex 
extsts oniy in aqueous m&turn, where the ligand hydroxyl groups 
exchange rapidI? with solvent water. 

PREVIOUS studies ~1 our laboratories l*s have investigated the use of N,N-dihydroxy- 
ethylglycine (DHEG) as a complexing agent to control the mechanism for hydrolysis 
of iron”’ and permit the precipitation from aqueous solution of crystalline iron”’ 
oxide as /?-FeOOH. Because the role of the tetradentate DHEG @and appears to be 
unique in facilitating the precipitation of the crystalline oxide, the stoichiomctry and 
equilibrium for the reaction of DHEG with iron II* have been investigated in order 
to provide further info~ation concerning the reactions involved. 

In an aqueous soIutron of pH 2-4, iron”’ reacts with DHEG to form the 
compIex (I) 

Fc+3 + HG + 2H,O 3 Fe(OH),G + 3H+. 

(I) 

(1) 

In this reaction DHEG is assumed to behave as* a monoprotic acid HG, which 
coordinates in four positions about the iroP ion. Formula (I) is identical with 
that proposed by Torcn and Kolthoff3 from polarographic studies of the reaction of 
iron” and iron*” with DHEG. It conflicts with the earlier work by Martell and 
co-worker@ who assumed DHEG to react as a triprotic acid H,A, according to 
equation (2): 

Fe- + H3A + 2H,O + Fe(H,O),A + 3H+, 

(II) 

(2) 

* To whom mqumes should be addressed: Esso Research & Engineering Company, P.O. Box 
IZI, Linden, N.J., U.S.A. 

t Present address: 
Md , U.S.A. 

Nuclear Defense Laboratory, Nuclear Chemistry Division, Edgewood Arsenal, 
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where water fills the two co-ordmatton postttons allotted to the hydroxyl tons m 
equation (1). Formulae (I) and (II) doffer m that Martell et al. assumed the two 
hydroxyl groups m the co-ordmated hgand to be more acldlc than water, whereas the 
conventlonal mterpretatlon assumes the co-ordmated water to be the more actdtc 
Because the iron”’ complex IS stable only in aqueous solutton, where the hgand 
hydroxyl groups should exchange raptdly with the solvent, dtfferenttatton between 
the two structures would be trivtal if Martell et al. had not reported the formatton, 
above pH 8, of a second bmuclear complex, Fe,A,-3, whtch was not observed m the 
other studies *13 

The present work is a reinvesttgation of the stotchiometry for the reactton between 
iron”’ and DHEG, and the equilibrium constant for equation (1) has been determuted 
The prevtous evidence’ for the formation of the Fe2A3-3 complex IS demonstrated 
to be erroneous, and probably resulted from non-equtlibrium titration measurements 

EXPERIMENTAL 

DHEG was puritiad by recrystalhsmg twice from ethanol. Standard rron*** solutrons were 
prepared by dtssolving iron whe in hydrochloric acid and diluting to volume 

Oxrdatton of ahquots of the iron solution was effected by treatmg with hydrogen peroxrde and 
decomposing the excess hydrogen peroxide by boiling. The stabihty constant of the ironln-DHEG 
complex was determined by titration at 25” (aide in@). Before titration, the acidrty of the rron*rr 
solutron was reduced to pH 2.0 f 0 05 by neutrahsation with gaseous ammoma to prevent the excess 
actd from consuming an appreciable 

-p” 
rtion of the added base. The DHEG complexmg agent was 

then added, and the solutton was dt uted to volume and titrated wtth standard sodturn hydroxtde 
soluuon Details have been described elsewhere * 

NMR spectra were recorded using a Varian A-60 spectrometer. 

RESULTS 

Acidic solutions containing 0.OOlM iron”’ and 0.001 1 M to 0*02M DHEG were 
titrated with standard base. The titration curves exhtbit two end-point inflections. 
The first of these occurs when the ratio m, the number of moles of base added per 
mole of iron”’ in solution, equals three. This end-point corresponds to the titration 
of the three equivalents of hydrogen ion liberated accordmg to equation (1) or (2). 
Usmg a modified Bjerrum-type procedure, the equilibrium constant, K, for equation 
(1) may be calculated from the titration results, where 

(3) 

If n is the number of moles of complex formed per mole of total tronnT, for n = 0.5, 

[FelrT] = [Fe(OH) G] z 7 
and 

K = [H]+3/[HG]. (4) 

In acid solution the concentrations of [OH-] and (G-1 are negligtbly small, and HG 
may be readily calculated as 

[HG] = 
((3 - a& - W+l}K 

4[H+] + 3K, ’ 

where a is the number of moles of base added per mole of total DHEG, K1 is the 
t%sr acid dissociation constanta*4 of the protonated amino acid, H,G+, and Co is the 
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total concentration of DHEG tn solution. Knowing [HG] as a function of the pH 
durmg the tttratton, n IS given by 

n= C, - V-=IIW+I/~K, + 1) 
C (6) 
FC 

where C,, is the concentratton of total tron”’ m solutron. Plotting [H+] and [HG] as 
a function of n, values correspondmg to n = 0.5 permit the calculatton of K in equation 
(4). Using this procedure, the pH of the soluttons III the vrciruty of n 2~ 0.5 remains 
sufficiently acidic (pH < 3.6) to prevent Interference from the mcrprent precrpitation 
of Fe(OH),. 

TABLE I-DTTERMINATION OF rquii_teRiuhl CONSTANT FOR Fe(OH),G. 
(Iontc strength = 001 T = 25” C,, = 1 00 lo-‘M) 

G/C,, (PHI n-0.5 105 WGl.=w IO2 K 

1 1 3 55 0490 4 58 
1 I 360 0 492 321 

20 3 54 
20 3 55 

50 3 34 
50 3 36 

100 3 10 
100 3 10 

I 26 I.90 
1 17 I 91 

3 61 264 
3 74 2 23 

8 43 5.82 
621 821 

avg. = (3 8 i 1 8) 
pK=74 

Table I indicates typical values for K calculated from titration results for varrous 
ratios of C,/CX,. Our value of pK = 7.4 IS in reasonable agreement with the equally 
precise value of 6.1 calculated from the polarographic data of Toren and Kolthoff 3 
Their K,,, is related to our K by 

K = Kl,,Kn2K2. 

m which Kw IS the autoprotolysis constant for water and K, is the second iorusatton 
constant for DHEG.3p4 

The position of the second end-pomt mflectron in the titration curves depends 
upon the concentration of excess DHEG in solutlon. For Co/C,, ratios of 2, 5, 10 
and 20, the end-point occurs when m equals 5, 8, 13 and 23, respectively. If three 
moles of base are required to titrate the acid l&rated by the formation of the non”‘- 
DHEG complex according to equation (1) or (2), the remainder (m - 3) represents 
the amount of base required to precipitate Fe(OH), from the complex and to neutrahse 
the excess DHEG m solution. These latter reactrons may be represented by the 
general equation: 

Fe(OH),G + (m - 4)HG + (m - 3)OH- - Fe(OH), + (m - 3)G- + (m - 4)H,O. 

(6) 

As written, this reaction requires all of the ironr” in solution to be precipitated upon 
addition of (m - 3) moles of base. 

The amount of Fe(OH)s precipitated during the titrations was analysed gravi- 
metrically by Ignition to F%03 and also by dissolving the hydrous oxide in acid and 
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titrating with standard cenum” solutron. Because the aggregation and prectpitatlon of 
the colloidal lronr1r hydroxide IS very slow under these condltlons, if solutions to 
which m moles of base had been added were allowed to settle for l-3 days, quantltatlve 
precipitation of the iron was achieved m every case The ability to precipitate the 
Iron under such condltlons has been the basis for the procedure for the quantltatlve 
precipitation of crystalhne iron”’ oxide as /?-FeOOH.’ 

DISCUSSION 

The present studies have confirmed the stolchlometry of reaction (I) [or (2)] in 
which iron”’ forms only a 1: I complex with DHEG In acid medium They contrast 
sharply with those of Martell et al. (lot. cir.), who reported an unspecified partial 
precipitation of iron which led them to suggest a second binuclear complex Fe,Asw3*. 
We conclude that the latter complex is not formed, for it IS not thermodynamlcally 
stable, and iron”’ IS quantitatively precipitated under the experimental conditions 

The propriety of formula (I) or (II) in solution cannot be determined. Intultlvely, 
structure (I) IS preferred, because the hgand hydroxyl groups should have approxl- 
mately the same acldlty as in ethanol, and should be considerably less acidic than 
water (K3 and K, for DHEG are too small to be measured in aqueous medium) 
However,the relative acldltles of HOCH,CH,- and H,O when co-ordmated by iron”’ 
have not been determined On the basis of polarisabihty and hgand-field strength, 
it is predicted that H,O will dlssoclate to a considerably greater degree than will 
CH,CH,OH when co-ordmated by iron”‘; and hydrolysed species such as Fe(OH)-2 
and Fe(OH),+ are well known NMR spectra of solutions of DHEG in 99.5% D,O 
show, m addition to the HOD singlet, two triplets and one singlet, each of relative 
area 2, which are characterlstlc of the three methylene groups In the hgand molecule 
The absence of a more detailed spectrum, mcludmg a trlplet of relative area 1 at the 
proper chemical shift for the ethanolic -OH group, indicates that the ligand hydroxyl 
groups do exchange rapidly with the solvent water. Because the exchange IS rapld, 
differentiation between structures (I) and (II) IS mconsequentlal. 

Zusammenf~ung-Stochlometrle uncj Glelch$wlcht der Reaktlon 
van Etsen(Iil) mlt N,N-dthydroxyathylplycm m wassrtgem Medium 
wurden untersucht Es wlrd gezelgt dass Elsen(lll) nur emen 1.1- 
Komplex blldet; fruhere Angaben uber emen 2 3-Komplex srnd 
falsch und baslerten wahrschemhch auf Messungen ausserhalb des 
Gleichgewichts Mlt einer modlfizlerten Tltratlonsmethode nach 
BJeMm wurde eme Glelchgewlchtskonstante von 3,8 10-8 mol*/l* fiir 
dte Bddung des 1 1-Komplexes be1 25’C erhalten. Strukturangaben 
fur den Komplex smd nocht smnvoll. da er nur m wassrlgem Medium 
exlstlert, wo die als Llganden auftretenden Hydroxylgruppen rasch 
mit dem Ldsungsmlttel ausgetauscht werden 

RCum&--La stoechlom&rle et I’6qulhbre de la reactlon du fer(II1) 
avec I’aclde N,N’ dlhydroxyCthyl ammo-adtlque en mlheu aqueux 
ont et6 &dies II est ttabh que le fer(II1) forrne seulement un com- 
plexe 1 1 avec le complexant; II est dCmontr6 que le complexe 2 3 
d&rrt pr&%demment n’exlste pas et rCsultalt probablement de mesures 
faltes avant que I%qullrbre soit r&ah& En utrbsant une merhode de 
BJetTum modlfi& la constante d’tqurhbre de formation du compfexe 
1 1 d&ermm& A 25°C est 3,80. 10-O moles*/l*. Les structures du 

l Martell er ~1.4 do not report If approxrmately one-tlurd of the total Iron was prccrpitated as 
required by the stoichlometry of the reaction 



Reactron of Iron(l~I) with hydroxyamIn~cld~ 

complexe sont sans mtC*t pu~squ’~l existe seulement en mlhtu aqueux 
o& les hatsons entre fes groupes hydroxyles s’tchangent rapldemenr 
avcc I’eau du solvant 
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Summary-The duner of mercury1 forms stable complexes with 
polyphosphates The stablhties of these complexes decrease slightly 
as the cham length mcreases Because of the strong tendency of 
mercury1 to associate with hydroxide tons, the mixed complex species 
containing both polyphosphate and hydroxide Ions were found to be 
the predominant species m silghtly alkaline solutions. In polyphos- 
phate solutions, polarographlc waves of Hg’ and Hg” are obtained 
at slmllar potentials. because the Hgn reacts chemically with 
the mercury of the drop 10 form Hg’ complexes before the electrode 
reaction occurs Similar anodlc waves are obtained m the presence or 
absence of mercury ions in solution because of the formatIon of 
mercury* complexes. The tetraphosphate complexes which have not 
been studied before, and their over-all complexrty constants m the 
presence of 1 M KNO, and 0 15M guanidinium ion at 25”. are: 

Hgl(P,O,,)‘-, IO”“. Hg#,O,,)*“‘-, 10’ “I), 
Hg2(P,0,,)(OH)1-, 1O’5 *O, Hg,(P,O,,XOH),B-. lo*’ *O 

INTRODUCTION 

THE nature and stability of the various species formed by mercury are of considerable 
importance because of the unique application of mercury in polarography. The 
reversibility of a large number of mercury electrode reactions, and the possibility of 
forming either mercury’ or mercury” species, enhance the importance of these 
studies. 

Relatively few stable complexes of mercury1 have been prepared. In the presence 
of strong complexing agents, such as ethylenediamine’ and ethylenediaminotetra- 
acetate,* the mercury* disproportionates to form the stable soluble mercury11 complex 
and free mercury as a black colloid. However, Yamane and Davidson* have shown 
that mercury’ forms stable complexes with pyrophosphate, triphosphate, oxalate, 
dimethylmalonate and succinate, and have determmed their stability constants by 
means of potentlometrlc measurements using the mercury pool electrode. In the 
present study, a similar behaviour was established in tetraphosphate solutions, and the 
existence of mercury’ complexes in pyro- and trlphosphate solutions was confirmed. 
By maintaining constant conditions, it was possible to establish trends in stabihty 
with increasing phosphate chain length. 

Preliminary experiments were performed with the dropping mercury electrode, 
and electrode reversibility was established by the contmuity of these waves across the 

+ Abstracted from the thesis of R. A. Simonaitis submitted m partial fulfillment of the rqu~rc- 
mews for the Ph.D. degree, 1962, The Ohio State University. 
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zero-current axis. However, because of the requirement of very dilute mercury 
solutions to avoid precrpitation m acidic solutions, the quiet mercury pool was used m 
the final potential measurements. 

Previous studies of tetraphosphate and its acidic properties are described m an 
earher paper.’ Details of the theoretical approach to the interpretation of the potential 
values m the presence of several complexing species by Leden’s method have also been 
described s-’ The existence of the mixed hydroxide complexes and values for their 
complexity constants were obtained both by determmants and graphically by slope 
intercept plots. 

Consider the equilibrium between a metal ion and several ligands mvolvmg only 
molecular complexes: 

M + iA + jB + kCS M&B& 

for which one can write the over-all complexity constant 

BlJk = [MAiBiC~l/[MIIAl’[Bl’[CIL. 
The corresponding equation and equilibrium constant for the stepwise addition of 

any one hgand, for example, C, are 

MA,BJCk + C * MA,BJCk+, 

K$+r = [MA,BJCk+rl/[MA,BJC,I[Cl. 
In this series of studies, A indicates H+; B, the polyphosphate ion; and C, the 
hydroxide ion while i, j and k are small integers or zero. Ionic charges are omitted in 
general expressions. Brackets indicate concentrations, and parentheses Indicate 
activities. For example, the over-all complexity constant for Hg2(P,0,,)(OH)S- IS 
mdicated as follows 

Pm = ~~g,~~,~,$~~~~~l/~~g~2+l~~~~~~8-1~~~~-. 
The stepwlse constant for the addition of another OH- ion to this species IS 

K::: = [Hgz(PrOlsXOH),bl/[Hgz(P,O,,)(OH)”I(OH)-. 
As previously discussed, the simultaneous association of H+ with the complexed 

polyphosphate and OH- with the metal ion, if this should occur, cannot be detected, 
&cause this is equivalent to the addition of a molecule of water. Only the addttion 
of one in excess causes a potential shift. 

Mixed complexes containing hydroxide ions were found to be present throughout 
most of the pH range in which the mercury’ complexes were stable. As a result, the 
association of hydrogen ions with the complexed polyphosphate, which played an 
important role in the copper-polyphosphate systems, was generally not observed. 

Leden’s first function, Fe, has the general form 
i=N j=N’ k=N” 

Fo 
EM, - EC 

= antilog S = i x0 jxo kzO hk[~l’[BIJ[~lk. 
r =c = 

In this equation, Esq is the spontaneous reversible electrode or half-wave potential of a 
particular concentration of aquo metal ion in a solution containing no complexing 
agent, while EC is the corresponding potential of the same total concentration of a 
metal ion in the presence of a ftxed excess copcentration of ligands and at the same 
temperature. In order to maintain a constant ionic strength, both solutions should 
contain the same concentration of supporting electrolyte in large excess. The symbol 
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S indicates 2.303 RT/nFof the Nernst equation, and has the value O-02958 for Hg,e+ at 

25”. 

EXPERIMENTAL 

The expertmental procedure and methods for prepanng the polyphosphates have already been 
des~R_&.*~*~~ However, the experrments were all performed tn the presence of 1 M alkah metal tons 
In the tetraphosphate experrments, guamduuum Ions were also present, because the hgand was punfkd 
by crystallisatton m the form of the guarndunum salts Because alkali metal tons are known to form 
complexes with polyphosphates,8~g we have adopted the expedient followed by Yamane and Davidson 
of calculating the free ligand concentratton on the basis of the expertmentally detertntned apparent 
acidity constanta after correcting for the concentration of hgand bound in the mm~t’y complex. 
This is equtvalent to ignonng the assoctatton of alkali metal ions with the free or complexed @and, 
and isJustified if the activtty of the alkah metal ions and, consequentlv, the apparent actdtty conStants, 
are kept essentially constant. Thts phenomena IS discussed m some detail at the end of the paper on 
copper triphosphate complexes 6 The last two acidity constants are indicated by the symbols KS and 
KR_,. For tetraphosphate. they have the form 

K, = ~H+~~P,O~~a-I/~HP,O,s”-I, 

K, = (H+)lHP,O,,~-l/lHIP,o,,‘-1. 

Followmg the procedure of Pugh,“’ a stock solutton of mercury* nitrate was prepared by shaking 
red mercuryrJ oxide. mercury and mtnc actd untrl. after the addrtton of sodium chlonde to prectpitate 
mercuryt. a filtered aliquot gave no test for mercury rr ton with H&3. The stock solution was then 
standardtsed by titrating wrth a standard sodrum chlonde solutton using 0.04% bromophenol blue 
as the Indicator. In this paper, the concentratron of mercury1 wdl be indicated in terms of the molar 
concentratton of Hg,*+ which IS one-half that of the mercury’ atoms 

Mercuryrr nitrate was prepared by dtssolvmg metallic mercury with freshly boiled concentrated 
nitnc acrd and diluting. The mercury11 nitrate solutton was standardtsed against standard thmcyanate 
usmg ferric alum as the mdtcator, according to the method of Kolthoff and Sandell I1 

The most extensive prehmmary polarographtc experiments were performed in the presence and 
absence of pyrophosphates Just as was observed by Kolthoff and Mrller,r* the spontaneous potentials 
of similar conantratrons of aquo mercury’ and aquo mercuryrt, namely 1 22 miW, were identical, 
but the dtffusron coeffictent of the latter was somewhat smaller. In the presence of 5 x IO-*M 
Na,P*O,, IM NaNO, and 0 0005% methyl red, the waves coincided even tn the diffustoncurrent 
regton Both waves were contmuous across the zero-current axis, which proved that the electrode 
reactton was reversible The absence of any black collotdal mercury in the mercury1 solution tndtcated 
that a stable mercuryt complex was present Furthermore, a mercurous chlonde precipitate was 
obtained upon the addrtton of excess chlorrde Ion. A stmrlar test of the mercutytt pyrophosphate 
soluttons was negatrve After removing oxygen of the an by flushing wtth nttrogen. both solutions 
were shaken m the presence of an excess of free mercury The quantitative conversion of the mercury” 
pyrophosphate complex to mercury’ complex, upon contact with free mercury, was shown by the 
prevtously descrtbed trtratton with standard NaCl 

These expenments confirm the observatton of Yamane and Davidson that both mercuryt and 
mercury rr form stabk complexes However Just as Kolthoff and Mule+ observed for the aquo 
system, the mercurylr complex IS chemically reduced to the mercury1 complex upon diffustng to the 
drop surface, so that, m both cases, tt IS the mercury1 complex which determmes the ckctrode 
potential The dtffuston currents for surular concentrattons of the Hg*+ and Hg,*+ coincide, so that 
then diffusion coethciints are stmtlar. Thts probably results from the relattvely large contnbutton 
of the complexed polyphosphate to the size of tons 

The remainder of the study was made with mercury1 soluttons. When the solutron was made 
more acidic, the waves decreased rn hetght and a prectpttate was observed 
tion of mercury to the order of 10-5M. thus comphcatton was elimmated. 

By reducmg the concentra- 
The accuracy of measuring 

the spontaneous potenttal of the droppmg electrode was greatly decreased because of the relatively 
large magnitude of the restduat current, so that it was found expedient to replace the dropptng 
mercury electrode with a quiet mercury pool Typtcal potential values for the mercury* pyro-, trt- 
and tetraphosphate systems are given m Tabla I, II and III. respectively. The absence of mercury*r 
in these solutions was estabhshed by the prevrously discussed qualrtattve tests. 

The actdtc lmut was indicated by the fatlure of the electrode to undergo further change tn potential. 
The alkahne ltmtt. which was manifested by unsteady potenttals, was ascribed by Yamane and 
Davidson to the formation of solid HgO The pH was varied without altering the total mercuryr 
and ligand concentrattons, by mtxing various porttons of a solutton which was actd-free with a 
similar solution which contained mtnc actd. The experiments were performed as rapidly as posstbk 
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after ac:dIfytng the solution, to mmlmise hydrolysis of the polyphosphates to lower phosphates 
Fresh soluttons were prepared after a few measurements The extent of hydrolyses was readdy shown 
by the phosphomolybdate test for orthophosphates 

TABLE I -POTENTIAL VALUES FOR PYROPHOSPHATE-MERCURY’ SYSTEM 

Part A: [Wg,*+)t = 1 22 x IO-$M, 
[P*O,‘-)t = 0 OS&f; 

INa+]t = 1 OM; 
E,q = 0 3852 v us S C E. 

Part B: hke A, but IA4 Na+ replaced by 1M K+, Cp = 0 3753 V. 

Pi-l CP - E, -log [P*O,‘-I log Fz log Fz log Ft. log FIL 

Part A 
9 62 0 3086 
9 53 0 303s 
9 16 0 2860 
904 0 2822 
a 58 0 2722 
a 02 0 2640 
7 so 0 2539 
6 96 0 2332 
6 53 0 212s 
s 93 0 1819 
S 29 0 1482 
s 03 0 1349 
4 56 0 1098 

Av hmltmg constant 

Part B 
1000 0 3223 
9 59 0 3043 
8 95 0 2863 
860 0 2802 
800 0 2652 
7 63 0 2539 
704 0 2276 
664 0 2075 
6 25 0 1891 
s 91 0 1721 
s 43 0 1481 
4 99 0 1288 
463 0 1132 

Av ltmttrng constant 

1 30 
1 30 
1 31 
1 31 
1 33 
1 41 
1 59 
194 
2 32 
2 97 
3 85 
4.27 
s 12 

141 1220 13 71 16 28 20 08 
142 1170 13 12 1604 20 00 
1 4s 1112 12 56 1585 
1.49 10 96 1244 15 87 
1 66 10 72 1226 
1.86 1049 1227 
2 33 10 02 12 27 
2 72 9.73 1227 
3 16 9.55 
3 59 9.40 
4 30 9.30 
S 06 9 41 
5 74 9 56 

9 2s 12 27 15 ES 20 OS 

1171 
11 5s 
10 97 
10 84 
10 53 
10 33 
10 17 
9.82 
9 48 
9 12 
8 86 
8.83 
8 83 
8.83 

1301 
1285 
1228 
12 1s 
11 ES 
11 72 
11.74 
1171 
11.67 
11 67 

1607 
1599 
IS67 
IS60 
1s 31 

20 40 
20 40 
20 38 
20 40 
20 34 

11.72 IS07 20 40 

RESULTS AND DISCUSSION 

Using the symbol Pp to indicate the polyphosphate ion and omittmg the complex 
ton charge for stmphcity, the predominant species necessary to account for the 
potential shift as a function of pH and polyphosphate concentration were Hg,Pp, 
Hg,Pp,, HgPpOH and HgPp(OH),. The corresponding Leden function F, IS: 

F0 = antilog (Eas - J%W = 1 + W,Ppl + &mP’pla + Bd’p1W-W 
+ &&‘~10-W~ 

Subtracting unrty, and dividing through by [Pp], yields the Leden function, F,, 
thus 

F, = (F,, - WPpl = BOIO + BosotPpl + AnWW + &,,(OW2. 
The hmiting constant value of F1 at low values of [Pp] and (OH-) or the F, intercept 
of a graph of F, versus [Pp] at low or constant values of (OH-) is equal to /&,. In the 
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TABLE IL-POTENTIAL VALUES FOR TRIPHOSPHATE-MERCURYI SYSTEM 

Part A: [Hg,‘-1, = I 22 <\ 10-fM; 
[P*o,,q = 0 OS/u, 

[Na-lt = 1 OM, 

E., = 0 3852 v US. SC E 

Part B: lrke A but IM Na- replaced by 1M K-, Eaa = 0 3753 V. 

PH E.9 - EC log F, log Fz log F,. log F,. 

Psrt A 
9.34 0 2791 l-31 10 74 I205 1540 20 OS 
9.03 0 2617 1.31 15 15 11 46 I5 12 20 07 
8.53 0 2330 1.32 9 19 10 51 14 65 20 07 
8.07 0 2092 1 34 841 9 72 1424 20.05 
7.60 0 1927 140 791 9 22 13 95 2004 
7.32 0 1859 1.47 7 75 9 09 13 85 
673 0 1696 l-76 7 49 8 97 13 68 
6.38 0 1578 2 02 7 35 8 90 
603 0 1460 2 34 7 27 8 90 
5 73 0 1359 2.64 7 23 8 82 
5 53 0 1292 2-86 7 23 
5.28 0 1207 3 16 7 24 

Av. hmitmg constant 7.64 8 90 13 65 20 05 

PWtB 

9.99 0 3157 1 46 12 13 13 59 1625 20.37 
940 0 2877 146 11 18 1264 1578 20 37 
9 01 0 2639 1.47 10 39 11 86 15 38 20 34 
8 66 0 2440 1 48 9 72 11 28 1508 2031 
8 35 0 2261 1.50 9 14 1062 1474 

!*Z 0 0 2156 2019 1 1.53 62 8 8 44 81 10 9 93 29 1460 1444 
7.28 0 1895 1.79 8 19 9 72 14 30 
7 04 0 1821 1 94 8 09 9 67 14 26 
6-60 0 1682 2 28 7 96 9 62 14 21 

Av hmiting constant 8 02 9 65 14 22 20 35 

sodium pyrophosphate study, as shown in Table IA and summarised m the last line of 
Table IA, the limiting constant value of F, in the pH range 4.56529 was 10883, 
correspondmg to the complexity constant for the association of one pyrophosphate 
with Hgzz+. Thus: 

Hgz2+ + P,0,4- + Hg,(PzO,)s-, 
/%s,,, = [Hse(P~0,)2-l/[Hg22+l~P~~,4-l = I@ =. 

In the presence of 1M potassium ions, a constant value was not obtained until the 
additional species Hg(HP,O,-) was assumed to be present Solving simultaneous 
equations, assuming these two species to be present, yielded 

& = [Hg,HPs0,-]/[Hg2+][HP,0,3-] = 105 gq. 

Because of the uncertainty of the values available for the more acidic solutions, these 
constants for species contaming associated hydrogen ton cannot be regarded as 
reliable, so will not be reported, 

The next Leden function obtained by subtracting /Iolo from F, and dividing by 
[P&V,-] was used to calculate poao, thus: 

Ps = (S - B,,IJ/P’PW-~ = Bmo + BouW-W/PzW-1 + B,I~OH-)~/P,W-I. 
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TABLE iI1 -POTENTIAL VALUES FOR TETRAPHOSPHATE-MERCURY1 SYS~M 

Part A: [H&“*]l = 1 22 x IO-%f; 
[P,O$]t = 0 02491M, 

[Na+]$ = I Ohd, 
Eoq = 0 3852 v tts. S,C E 

P’+ 

Part B: lrke A but 1 M Na+ replaced by 1M XC*, Eaq = O-3753 V. 

Ea, - EC -log tP,%*-l log Ft log Ft log s. log Ftr 

Pprt A 
8 31 
8 14 
8 03 
763 
7 33 
7 22 
7 03 
671 
6 SO 
6 37 
6 34 
6 22 
5 98 

Part El 
861 
8 4s 
8 35 
800 
764 
7 3s 
7 00 
6 85 
668 
6 52 
6 30 
6 15 

0 2863 
0 2768 
0 2706 
0 2483 
0 2315 
0 2254 
02170 
0 1991 
O-1874 
0 1801 229 
0 1779 2 31 
0 1723 242 
0 IS78 2 66 

0 2980 
0 2885 
0 2824 
0 2612 
0 2409 
0 2245 
0 2051 
0 1983 
0 1877 
0 1790 
0 1678 
01600 

162 
162 
1 63 
168 
174 
1 78 
1 85 
293 
2.w 

I 61 1168 1329 1707 22 4f 
1 61 11 36 12.97 1691 22 45 
1 62 11 16 12.78 1681 22 45 
163 10 4s 12.08 1645 22 42 
1 68 9 82 11 SO 16 17 22 47 
1 14 9 32 11.06 1594 22 48 
1 87 8 80 1066 1571 2251 
1 94 864 10 56 IS67 2260 
2 05 8 39 10 40 1552 22 48 
2 16 8 21 10 31 lS43 22 41 
2 34 8.01 10.23 IS 37 22 41 
2 48 7 89 10 23 1s 35 22 46 

11 29 
10 97 
10 77 
1007 
9 56 
940 
9 18 
8 76 
8 51 
8 37 
8 32 
8 24 
799 

1291 16 98 
1259 1683 
1240 16 74 
I1 7s 1644 
1130 1622 
11 18 16 17 
it-03 16 14 
10 78 1602 
10.68 1597 
10 64 1596 
IO 61 IS93 
10.64 1597 
10 61 1594 

22 63 
2263 
2264 
22 6s 
2260 
2261 
22 72 
22 67 
22 65 
22 58 

From Table I, it IS evident that, rn the sodmm pyrophosphate solutlon, F, has the 
constant value of 10” 72 from a pH of 8.32 to 5.73. 
Thus 

/&, = [Hg2(Pz0,),6-][[Hg:+][P20,d-]2 = 10” 72. 

Conclusrve graphic evidence for the mixed hydroxide speoes was obtatned by a 
graphtc solutton of the following Leden function: 

FM = F2 - ~*~IP2O~-l~(OH-) = Bon + ~~2(OH-~. 

The hmittng constant value of F 2a or the Fps intercept of a graph m which Fza is 
plotted versus (OH-) ts equal to #& white the slope IS equal to Bars. The folfowmg 
Leden functions constant value can be used to confirm &2* 

F3s = CFea - ~~~~~/(OH-) = &x3 

In all of the systems, pyre-, tn- and tetraphosphate, a region was found in which the 
plot of FeS versus (OH-) was hnear and its Intercept value agreed well with the constant 
value obtained for FS8 The Fza graph was linear above a hydroxide concentration of 
5 x ‘lOdM rn pyrophosphate solutions. It was linear above a hydroxide concentra- 
tion of 4 x IO-*N m the trlphosphate solutions and it was linear above a hydroxide 
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concentration of 2 x IO-‘M in tetraphosphate solutions. These results constitute 
conclusive evidence for the existence of the mixed complexes of the type H&(Pp)(OH) 
and HgsPp(OH),. For the pyrophosphate system m IM NaNOa: 

/!lolr = [Hg,(P,0,)(OH)3-]/[Hgp2+][P20+-](0H-) = 1015 O’ 

B 012 = (Hg2(P20,)(OH)$-]/[Hg: b][P,O,‘-)(OH-)s = IW”. 

TABLE IV -SUMMARY OF COMPLEXITY CONSTANTS FOR MERCURYI POLYPHOSPHATE SYSTEM 

A-PyroPbaspbate 
IMK+ 7.89 566 9.25 12.21 15-85 2005 925 302 520 420 358 
lMNa+ 748 5.40 883 1172 15.07 2040 883 289 533 434 335 
0 75M Na+ 8.00. 5.68 l 1238. 1564’ 3 26* 

5Triphosphnte 
lMK+ 7.36 4.96 7.84 9 47 14 22 20 35 7 84 163 6 38 6 13 475 
lMNa+ 700 4 85 7.16 890 13 65 2005 716 174 649 640 475 
0 75M Na+ 758* 5.29. 11 23. 15.00. 3 77. 

lMK+ 
lMNa+ 

C-Tetraphosphnte 
6.92 5 22 7 32 9 88 1526 2245 7 32 2 56 794 7.19 5 38 
6.52 4.97 698 9 42 15 91 2264 6 98 244 8 93 6 73 6.49 

l Results by Yamaue and Davrdson 

A summary of the values obtained for all of the constants, both in the form of 
over-all constants and stepwise constants, 1s given in Table IV. These are the mean of 
all of the values obtained both by determmants considermg all species and by slope 
Intercept methods. The corresponding values obtained by Yamane and Davidson are 
also included. Our results confirm their important discovery of mercury’ poly- 
phosphate complexes. The present study mdicates the existence of additional species 
such as Hg(Pp) and the mixed hydroxide complex HgPp(OH& Bringng this differ- 
ence and the difference in experimental conditions into consideration, the quantitative 
agreement of the two studies is satisfactory. The difference in the values of our 
constants results in part from the difference in our experimentally determined acidity 
constants, pK, and pKN_,, shown in Table IV. Their experimental conditions of 
27.4’ and 0.75M Na+ are fairly similar to the 25” and l*OM Na+ used in one phase of 
our study. In addition, the present study includes the Hg,“+ tetraphosphate system. 

Several interesting generalisations can be made. Just as was the case in the copper 
polyphosphate systems but not m the alkali polyphosphate systems, the stepwise 
constant for the addition of the first polyphosphate, as manifested by the value of 
&y, decreases with increasing polyphosphate chain length, but the difference de- 
creases from tri- to tetraphosphate. Of particular significance is the strong tendency 
of the polyphosphate complex to associate with additional hydroxide ions, as mam- 
rested by the magnitudes of Ki:T and Ki::. As might be expected from the above 
observation, these constants Increase in magnitude with increasing polyphosphate 
chain length. This observation is consistent with the observation by Bennett,13 as 
well as Sill&n and his coworkers, 14.15 who obtained values of the order of loO-10ro for 
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the association of one hydroxide with the aquo Hg,s+ Ion. These can he compared to 
our values of IO7 w and 108*= for the addition of one hydroxide to Hg2P,0,,4- in the 
presence of 1 A4 KNO, and 1 M NaN03, respectively. 

Zusammenfassung-Das Dlmere von Quecksrlber(l) bddet stablle 
Komplexe nut Polyphosphaten Dc Stabllrtkt dew Komplexe nunmt 
mlt slelgender Kettenlange schwach ab. Wegen der starken fendenz 
von Quecksllber(1) zur Assozlatlon mlt Hydroxyhonen wurden m 
schwach alkahschen Losungen vorwlcgend gemischte Kompkxe mit 
Polyphosphat-und Hydroxyhonen gefunden. In Polyphosphatlosungen 
findec man die polarographischen Wellen von Hg(1) und H&II) bclm 
glelchen Potential, da Hg(lI) rmt dem Quecksdber des Tropfens vor 
der Elektrodenreaktlon chenusch LU Hg(I)-Komplexen reagiert 
Ahnhche anodlsche Wellen findet man mit oder ohne Quecksdberlonen 
in der Losung wegen der Bddung von Quecks&er(I)-Komplexen. Es 
wurden folgende blsher nrcht unterauchte Tetraphoaphatkomplexe 
mlt lhren Gesamt-Komplexbddungskonstanten m Gegenwart von 
Im KNOI und 0,ISm Guarudmlumlon ba 25°C gefunden. 
Hg,(P,O,,)‘- lO:*=, Hg,(P,O&‘-: lo’*‘*; Hg,(P,01,)(OH)5- 
,()I” .!I 9 HgL(PIOII)(OH)t~- 10**~‘s 

fUsum&Le dlm&re du mercure(I) forme des complexes stables avec 
les polyphosphates La stablIlt& de ces complexes dkroit tig&rement 
lorsque croit la longueur de la chaine. Par suite de la forte tcndance du 
mercure(l) B s’assocler aux Ions hydroxyle, on a trouvC que les types 
de complexes mlxtes, contenant & la fols les ions polyphosphate et 
hvdroxvle. sont ceux qul prtdomment dans les solutions lC&rement 
a&n& En solutlonb polyphosphonques, la vagues pola&aphl- 
nues de HP(I) et He(H) s’obtlennent & des wtentiels simdaires. Darcc 
&e Hg(lI)%glt chk&ement avecle mercdre de lagoutte en f&nant 
des complexes d$ Hg(1) avant que ne se produtse la rtactlon A I’tlec- 
trode On obtlent des vagues anodlques semblables en 
en I’absence d’lons mercure dans la solution, par suite f 

r&sence ou 
e la forma- 

tlon de complexes de mercure(I) Pour les complexes tCtraphosphon- 
ques qul n’ont pas Ctt ttudlts auparavant, les constantes globales 
de complexIt en presence de KNO, 1 M et d’ion guamdimum 
0.15 M a 25” sent Hg,(P,O,#-, lo’*‘*; Hg,(P,O,,)t*o-. 10’s*‘; 
Hga(P,O,&OH)b-, lo’&*’ , Hgr(P,O,,)(OH)t-, lo’**‘*. 
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Summary-Radmacttve vrtamm B,* has been employed as an analytical 
tool, a butchemical tracer and as a dtagnosttc agent. Of the several 
labelled modtficattons reported, only those labelled wrth cobalt 
Isotopes are useful at phystologtcal dose levels. Because of the htgh 
specific acttvtttes of (I-200) &/cg. detectton senstttvmes m the 
ptcagram region are reahsed with cobalt-labelled vttamm BL2 Clinical 
apphcattons mcludmg dtagnosttc tests for permctous anaemta in 
humans, are m a sense analyttcal procedures, rnvolvmg as they do 
measurements of vttamm B,* transport. Of more direct analyttcal 
character IS the apphcatton of the Isotope ddutton method to pharma- 
ceuttcal preparattons, feed concentrates, sewage and fermentatton 
productsandcrystallmecobalamms The stabthty of hydroxocobalamm 
m pH 4 2 stabthsed aqueous solutton has been demonstrated by this 
method The reverse isotope dtlutton method also has been very 
helpful m facthtatmg stabthty and degradatton studtes. The quantt- 
tattve recovery of unchanged cyanocobalamm from cereals and from 
capsules contammg btologtcal concentrates has been demonstrated 
by this method. By contrast, the conversion of cyanocobalamm to 
hydroxocobalamm has been found to occurm the liver of dogs recelvmg 
labelled vttamm An extensive study of protecttve agents to stab&se 
vltamm B,, In solutions contammg ascorbic acid has been performed 
by this nverSe ddutton procedure The sensltwty of the Isotope 
ddutton method has been greatly extended to phystologtcal levels by 
the apphcatton of “saturatton analysts,” an extension of the bmdmg 
power measurement applied to rntrmsic factor concentrates and to 
animal tissues mcludmg serum or plasma 

RADIOACTIVE vitamin B,, in its several forms, has found wide users2 as an analytzcal 
tool, as a diagnostic agent and as a biochemzcal tracer. Even the biological uses have 
been essentially analytical in nature, because they have involved quantttatzve deter- 
minations of the extent of vitamin adsorption by serum protems or tissue, absorption 
or excretion by animals, including man, or stabrlity and degree of conversion to 
related degradation products. 

Vitamin B, is one of a familp” of related, highly coloured, corrmozd compounds 
called cobalamins or, by a more recent convention, cobamides. The cobalamzns are 
corrin complexes of tervalent cobalt, z.e., porphyrin-like wzth one bridge carbon 
atom missing. The best known of the cobalamins is the cyanzde complex, cyano- 
cobalamin, the structure of which is shown in Fig. 1, and which is customarzly referred 
to as vitamin B,. It is a neutral, undissociated, relatively stable molecule which can 
be converted to non-cyan0 cobalamins photochemically or by catalytic reduction. 
The major non-cyan0 analogue, hydroxocobalamin, is a weak base which is converted 
in the presence of acids into a positive aquocobalamin ion and the respective anion. 
All non-cyan0 forms are converted to cyanocobalamin by the addition of cyanide. 

255 
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LABELLING 

Vltamm B, IS produced m~~rob~oiog~caliy by a number of macro organrsms 
incubated in appropriate nutrient medra ~ontalnjng sufhcrent morgantc cobalt for 
maximal growth. This requrres5 about 2 ppm of cobalt. To produce radroactrve 
cyanocobalamin, the fermentation is usually carried out in the presence of surtable 
radroactrve precursors and, after a rather comphcated rsolatron procedure, the pure 
crystalline radioactrve vitamm IS isolated. Radrorsotopes whtch have been succesdully 

FOG. I.--Structural formufa of vttamtn Bir. 

incorporated in the cobafamm molecule m this manner are phosphorus-32, carbon-14 
and the four long-hved cobalt isotopes. carbon-14 1s also readily introduced* as 
CW to yield usable specific actrvrties. Thus modrficatron is, unfortunately, limited 
by the ease of exchange’ of the cyanide group, whrch IS m striking contrast to the 
exchange stabrhty of the centraf cobalt atom .8 Cyanocobalamin containing radio- 
active hydrogen has been prepared by prolonged contact wrth several curies of 
tritium gas. Cyanocobalamin contammg radioactive cobalt IS produced by fermen- 
tation in a nutrient medium containing a low concenttatron of eO.1 ppm of radio- 
active cobalt* to mamtam a hrgh specific actrvrty of final product. Only radioactive 
cobalt yields Iabelled vitamm adequate for studies at physrological levels. 

Cobalt radioisotopes are by far the most useful nuchdes with which to label 
cyan~balamin. Their radiatron properties are tabulated m Table I which lists the 
type (Le., beta ray, positron, gamma ray or K-capture X-ray), energy in MeV and 
frequency of emission of each radration. Here, 100% srgnifies that a given ray or 
particle is emitted wrth each radioactrve disintegration. Relative detection sen- 
sitivities will depend on the type of detection devices employed. Detectors, such as 
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TABLE I-EMISSION BY RADIOACTIVE COBALT ISOTOPES* 

Cobalt Half- 
/1- or H+ 

Isotope ltfe --___ 
MeV % 

____ _- __ - __-_----- 

‘“‘CO 5 27y 031 100 

;,orK-X 

Mel’ % 

I 17 100 
I 33 100 

‘To 71d 0 47 14 5 

z:co 270d - - 

TO 77d I 50 I8 I 

* Mmor components omItted 

081 99 5 
0 0064 85 5 
051 29 0 

00064 100 
0 I23 93 
0 014 93 
0 137 7 

0 845 100 
00064 81 9 
I 24 70 5 
OSI 36 2 
I 75 178 
260 I59 
I 03 157 
3 25 I23 
2 02 II 0 

Geiger-Muller and proportronal counters, iontsation chambers and hquid scmttllation 
devrces, which measure particulate radiatton efficiently are excellent for cobalt-56, 
-58 and -60 but least effective for cobalt-57. This order IS reversed when gamma 
radtation IS measured m sohd scmttllatton counters. Thus, cobalt-57 IS measured wtth 
greatest efficiency in a sodium Iodide crystal and cobalt-58 least efficiently. In general, 
gamma scmtillatton counting is the most convenient means of determining these 
radiotsotopes. 

The characteristtcs of cyanocobalamin labelled with cobalt isotopes are tabulated 
in Table II, which shows first the cobalt content of the carrter-free (r.e., lOOO,l isotope) 
modrfications of the vitamin, including the normal, non-radioacttve form cobalt-59. 
This IS followed by the maximum specific activities of such carrier-free forms of 
radrotsotoptc cobalt (mc/pg) and of the carrier-free labelled cyanocobalamin (m 
rc/rg) derived therefrom. The next two columns hst the specific acttvittes reported 
or readtly available, and the ratios of radioacttve cobalt atoms to total cobalt atoms 
In these preparations. Actually, cyanocobalamm -ssC~ wtth spectfic activtties up to 
200 ,uc/pg may be obtained. lo The last column lists estimated detection sensitivities (m 
picagrams) computed for a well-type scinttllatton counter, assummg a detectton limrt 
of &3 cpm. Quanttttes of the order of picagrams of vttamm can be detected wtth the 
radioacttve modifications hsted, an order of magnitude not readily achteved by other 
analyttcal methods. 

Vttamin B,,- 57Co would seem to be the isotopic modtfication of chotce for 
brologtcal and chemrcal purposes because of its many desirable properties which may 
be enumerated as follows: 

I. Conveniently long half-hfe, with attendant flextbihty m schedulmg the bio- 
synthesis of the radioactive vttamin, and greater shelf-lrfe of the fimshed product. 
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2. Less intense gamma radlatlon, hence greater safety m handling, manufacture 
and storage of the vttamin. 

3. Absence of particulate radlatlon, with resultant lower radiation exposure of 
tissue and greater safety for use of the labelled vltamm m humans and ammals. 

4. Lower self-irradiation exposures, therefore, greater stabilrty of the radIoactIve 
vltamm. 

5. High detectlon sensltlvlty m sodium iodide gamma scmtlllatlon phosphors. 

TABLE II CHARACTERISTICS OF CYANOCOBALAMIN CONTAINING RADIOACTIVE 

COBALT ISOTOPES 

SDeclfiC 
a&y 

carrier-free 

co, I?> B 
t8lCl/l~ PCiPsO 

AvaIlable 
SpeClfiC 
actik lty 

B LZr 
PCI I’S 

Radloactwe Co DetectIon 

Total Co 
sensltlvlty, 

PC? 

*To 4 42 1 14 50 hl 1 
1 

ii 36 

‘Qp 435 - - - - - 

wo 4 27 32 1360 15 
1 

270 
09 

5’Co 4 20 85 357 10-30 
1 

12-35 
007-02 

I 
wo 4 13 30 1250 ‘y5 

240 
0 45 

* Stable cobalt. 

For in vitro work, as is involved in conventional analytlcal procedures, cyano- 
cobalamin-Wo is perfectly satisfactory, even preferable, provided subdivision and 
concentration are such as to assure radiation stability. It has been shown that 
cyanocobalamin- %o with a specific activity of ~1 pc/pg ~111 deteriorate at a rate 
of z-20/O year because of self-irradiation when stored in the cold in concentrations of 
N 1 ~g/ml.ll~fz Even greater self-irradiation stability IS exhibited by vitamin labelled 
with cobalt-57 and cobalt-58.12 

CLINICAL APPLICATION 

The earliest application of cobalt-labelled vitamin B,, led, fittmgly, to simple and 
direct methods of diagnosis of pernicious anaemia, a disease for which vitamin B,, 
IS a specific and life-saving treatment. Pernrcious anaemla results essentially from 
the fatlure of the human stomach to secrete a substance called intrmslc factor. This 
factor IS necessary for the oral absorption of vitamin B,,, which 1s of microbial 
origm and which is present in ingested food. Haematologlcal diagnosis IS a difficult 
and time-consuming procedure, depending as it does upon observations of the effect 
of doses of vitamin B,, on the blood picture and on changes therein. Radioactive 
vitamin B12, however, permits a direct measurement of cyanocobalamin absorption2 
from observation of the (I) extent of faecal excretion, (2) extent of urinary excretion, 
(3) measurements of blood radtoactlvity, (4) external body scintillation counting 
over the hver area, and (5) by whole body counting. By these methods, the degree 
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of oral absorption of vitamin B13, and the effect of potent intrinsic factor preparations 
on oral absorption, are readily ascertained, and a judgement made as to whether 
absorption is normal or defective. By similar procedures the potency of intrinsic 
factor preparations employed for the treatment of perniciousanaemiacanbeevaluated, 
and the relative absorbabihty and retention of the several vitamin Brs analogues by 
animals and by man compared. These applications are based on measurements of 
the extent of vitamin transport from the gastro-intestinal tract, across the intestihal 
wall, into the blood stream and other tissue. The radioactive properties of the labelled 
vitamin make it possible to distinguish ingested vitamin in a medium which contains 
comparatively larger amounts of endogenous vitamin Bra. 

Innumerable animal studies have revealed the pattern of distribution and excretion 
of vitamin & in animals and demonstrated the target organs and storage sites of the 
vitamin. A major storage site for the vitamin ingested by animals is the liver. The 
chief site of absorption from the gut appeam to be the ileum, and the operation of an 
enterohepatic mechanism has been discovered. Turnover studies reveal the existence 
of several compartments or excretion forms of the vitamin. 

ISOTOPE DILUTION ASSAYS 

Radioactive vitamin BIB has been employed as an isotope dilution indicator to 
police the plant production of cyanocobalamin.M Assays14*rsm1a have been performed 
similarly of fermentation broths, sludge products, pharmaceutical preparations, 
oral grade solids and tissues, and crystalline vitamin B,. In fact, the isotope dilution 
or “Radioisotope Tracer” method has been included in the U.S. Pharmacopoeia 
XV and the National Formulary XI as a standard cobalamin assay.l’ 

The principle of the method and the conditions which must be satisfied for the 
proper application have been discussed elsewhere.” To a sample containing X pg 
of cyanocobalamin, one adds an amount Y pg of radioactive cyanocobalamin with a 

A cpm 
specific activity SO = - . 

YPug 
Here, A cpm is the radioactivity of the tracer 

added in counts per minute on a suitable detection device. A&r treatment to ensure 
mixing of labelled and unlabelled vitamin, and isolation of a portion of the pure, or 
uniquely determined vitamin, one measures the radioactivity (B cpm) and quantity 
(Zpg) of a portion of the isolate. The specilic activity of the isolate is obviously 

B 
St = - z. The expressions by which X can be computed are 

X=Y SO E 1 SO A 

St 
--1 =y,-y,z__y. 

f B 

A 
The ratio B is the factor which corrects the quantity Z for inefficiency of isolation, 

and the term Y is subtracted from the total cyanocobalamin to correct for the quantity 
of radioactive indicator added initially. Specific activities of labelled vitamin are 
usually so high that the amount Y required for accurate radioactivity measurements 
is negligible compared to X. The above equations reduce accordingly to 

X=Y$Z$ 
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In the case of vitamin B,,, homogenlsation of tracer with complex media, such as 
tissue, in which the vitamin may be retained withm cellular matter and bound by 
bwlogica’l components as proteins, is assured by treatment wrth acid mtnte, enzymes, 
and/or heat. Isolation is rather comphcated, involvmg a variety of separation and 
purification procedures. A typical sequence of these steps applicabIe to the deter- 
mination of total cobalamins m dog liver is enumerated below. Many modrfkations 
are permissible depending on the complexity of the matrix and the initial cobalamin 
content, 

Iwhtron proctdun? fir huer rolal ctilamins 

1. Homogenlst 200 g of tissue with =%O ml of water. add radloactlvc vltamm B,* and mix*, 
add NaNOI (35 mg/ml) and KCN (~2 mg)ml)t. 

2. Adpt to pH 4 with glactal acetic and; bosl I hr with sttrrtng button: m hood), 
3. Zmc defaecatron. -1 and add 40 g of Z&O, and sufl’bcnt Xl??” NaUH to yield a pH of 

7 8-8 0. Filter. 
4 Extract with IO ml of cresol CC& (I -1). wash twice with 10 ml of HI0 
5 Dtlute the cresul CCI, extract wrth 3 volumes of butanol CCl, f t -4): extract rnto IO ml of water 
6 Reextract the aqueous phase with 5 ml of cresol:CCl, (1 1) 
7. Repeat steps 5 and 6 
8 Wash the cresol .CCI, extract four times with IO ml of 5N HISO, and twice with 20 ml of pH 9 

phosphate buffer (40 g of Na,HPO,/I .) contammg a trace of cyamde (0 001 N) 
9 Repcat steps 5 and 6 

IO. Repeat step 5 extractron Into 2 ml of H@. 
1 I Char to chromatographlc column (I cm m diameter) contammg (top to bottom) 2 g of alumma, 

5 g o r wet IRA 400 (OH cycle) and 5 g of wet IR120 (H cycle). Elute with water 
12. Collect the aqueous eluate when a pmk c&our appears Total volume ~111 be S ml Determme 

the cyanocobaatamm content (Z) spectraphotometrtcalty at 361 mfr and Its associated radtoactlv#ty 
(B cpm) 

This treatment ts capable of elimmatmg “red prgments” resembhng cobalamrns tn 
structure but devoid of comparable btological and cltmcal actwty.f6 

Because the amount of cobalamm in the isolate 1s determmed spectrophoto- 

metrtcally from absorbancies at 36 1 rnp, 

; IS 

i 
AI % = 

1 cm 
207 

1 
and the efficrency of lsolatron 

30-50 yO, one needs a bare mmlmum of 50 &sample to give a reasonably 

accurate absorbancy in the final 3-5 ml of resin column eluate usually recovered. 
Because so large a sample is required, other tissues, whrch contained <O-5 &g, 
have not been assayed by the isotope dilution method. Blood plasma or serum, 

for example, contains the order of 0.3 mpg of cobslantn/ml. which IS completely 
out of reach of this procedure. Fartunately, another approach to be discussed below 
makes it possrble to anajyse even this tissue concentration by the radioactive indicator 
method. 

Results of the tsotope d&&on assay of a feed concentrate are shown tn Table 111 
Two 100-g samples were analysed by a procedure mod&d from that described above 
for liver, by omission of the nitrate treatment and the mltial introduction of an 
alcohol or water extraction procedure. The radioactive cyanocobalamm employed 
had a specific actrvtty of “/ 60 &mg and the amount added was ‘21’ 26 yzg, which is not 
a negligible quantity, so that a correction for added tracer (Y) had to be apphed. 
The average concentration was 2-6 pg/g or I*2 mg/lb of concentrate which agreed 

+ Remo>le ~2-4 g of homogenate as a standard to determine A cpm 
t If only cyanocobalamln Instead of total cobalamin is being sought, cyamde addltmn IS omrt ted 
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TABLE III--ISOTOPE DILUTION ASSAY FOR VITAMIN B,, 

Sample size, p 100 loo 

Solvent Water Methanol 

Amount vttamin B/Co (Y), irg 26 
Vitamin B,. recovcrtd (Z), ~8 2 

Rccovcrcd (; x 100). % :: 6 21.8 

Vi&mm B,, in sampk (Xp, JJ~ 270 250 

Z ax= - .-y 
B 0 z 

wrth other, less convenient, biological assays, such as the chick growth assay employed 
at the time. 

Crystalline cyanocobalamin and hydroxocobalamin preparations are afso most 
reliably assayed by the dilution procedure which is specific for cobalamins. For 
cyanocobalamin and total cobalamin, a reproducibility of 4~3% has been estimated. 
Hydroxocobalamin preparations can be analysed as a difference between total 
cobalamin content (cyanide addition in step I) and cyan~obalamin content (no 
cyanide addition). Typical results of total cobaiamin assays for a series of pharma- 
ceutical preparatrons, fermentation products and crystalline cobalamins are listed 
in Table IV. Isotope dihrtion analyses of the two pharma~uti~i products are not 
influenced by the addition of inert cofoured materials which do, however, increase the 

TARLIJ IV-ASSAY OF VITAMIN B,. PREPARATIONS BY ISOTOPE DlLUIION 

Sample Labelled 
claim 

L le~chmanntr 
USP spcctro- 

mlcro- photo- Chick 
ID blologrcat metnc growth 

WJsY SSSRY -Y amY 

Phamuccutrcal Cob&mm 
product3 concentrate 

S8me plus 200 /.4g 
nzd ptgments 

Liver inJecuon 

Same plus red 
ptgments 

Animal protein Sewage product 
factor*’ 

Fermentatron 
products 

Crystalline 
-a&alaminr 

Cyanocobslamm 

Hydroxocobalrmm - 

950-I 350 
UP& 

Same plus 
200 MIS 

50 &ml 

Same plus 
16 rcglml 

1076 1117 

1061 1186 

51.8 53.7 
52.7 59.9 

- 

135mgflb 
113 m&lb 
6.0 mg/lb 
3 0 mg/lb 

16 1.7 

13 5 
77 
82 
4.2 

893% 
89.7 
84 8 

83 2 
78-7 
79 9 

- 

- 
- 
- 

- II 

1:: - 
<4 

42 
1.8 :6 

87.2% - 
91.2 
86.5 - 

81-O - 
81.2 
774 - 

l Units the same as those hsted under labelkd clatm. 
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L. leichmunnil assay results. The analyses of vitamin B,s concentrates (i.e., “animal 
protein factor*‘) of fermentation origin emphasise the non specificity of mrcrobral 
and spectrophotometric procedures as compared to the isotope dilution method, which 
is usually in good agreement with the chick-growth assay procedure. Agreement IS 
also excellent for the crystallme cobalamin samples which contain 1&200/o of volatiles. 

The duect isotope dilution method has also been employed to demonstrate the 
thermal stability of hydroxocobalamin* in stabilised aqueous solutron, buffered wrth 
acetate buffer and sodium chloride to pH 4-2 and containing H 1 mg of hydroxo- 
cobalaminlml. Extrapolation to room temperature of accelerated test data gathered 
at 40”, 75” and 121” indicated a half-life of 15-20 years, corresponding to a loss of 
CC 4% of hydroxocobalamin/year. 

REVERSE ISOTOPE DILUTION 

The biochemist studying the mechanism of action or the degradation of a com- 
pound into metabolites frequently administers an isotopic modification and frac- 
tionates tissue or excreta into labelled components, the nature and quantity of whrch 
he seeks to ascertam. The chemist can apply the same technique to stability studies; 
and to facilitate recovery and assure identity at very low concentrations, he can 
add an excess of unlabelled modification as carrier before isolation. This is the 
reverse isotope dilution procedure; and in contrast to isotope dilution, it is not 
limited by the sensitivity of a spectrophotometric measurement but only by the 
detection sensitivity of the labelled cobalamin which, for cyanocobalamin containing 
radioactrve cobalt, is in the picagram range. In the reverse isotope dilution assay 

method one adds the desired amount of the radioactive vitamin B, X,, pg; A cpm; 

SO = A 
JJ 

( 
to the matrix in question. This matrix might be simply an aqueous 

solution if thermal or radiochemical stability” of solutions is concerned or, as has 
been already reported, cereals or capsules containing biological concentrates.ll~ls 
Degradation studies in animals receiving labelled vitamin are also cases in pomt. 

At any subsequent time of interest, a large excess (Y mg) of carrier cobalamin is 
added, and isolation undertaken with recovery of an isolate containing 2 mg of 

cobalamin and B cpm r.e., Sr (* =;). The value of Z is again measured spectro- 

photometrically. If the actual amount of residual vitamin & is X pg, then one may 

say 
1 

X=Y s 

[ 1 0 -- 

St 

1 

orX=YzbecauseSo>Sr. 
0 

Accordingly, the percentage of cohafamin left is 

X 

%I 
x100= x 

[ 1 Z 
xB XT (3) 

Here, $ is the spectrophotometric factor correcting for incomplete recovery of 

l Expcnmcnts performed by MISS Beate Feller and Mcssra. J. Cam. E. J. Hams and J. Kanora 
of these L.aboratona. 
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B cpm, 
Y 

[ 1 - x B is the actual radioactivity in cpm recovered with the X pug of 
z 

cobalamin, and 
$ 

x 100 is the percentage of irutial radloactivity (A) still recover- 

able as cobalamin. This method is independent of the presence of endogenous 
cobalamins. 

An obvious use of this approach is for the establishment of the radiochemi&l 
purity and authenticity of a labelled compound. This is part of the armoury of 
methods which the radiochemist employs to prove the suitability of labelled materials. 
An application of more general analytical relevance is illustrated by the measurement 
of the radiochemicaIu stability of vitamin B,, in aqueous solution employing ‘Wo- 
fabclled vitamin. Thermal stability has also been investigated. A stabilisation 
study* of cyanocobalamin in the presence of ascorbic acid is reported in Table V. 

TABLE v-&ABILJSATlON OF VITAMIN BI, IN AQUEDUS SOLUTION CoNTMNINci ASccmmc ACID 

(ROOM lEMeERAlURE STORAGE) 

Agent” Composrtlonb IL left, % 
- 

Coo=, Bw, AA. 
No. m&M &ml qlml 0 2 months 6 5 months 103 months 

IFC-I 
IFGl 
IFG2 

z: 
IFG3 

EE 

E 
IFG8 
IFC-8 
APr 
Sorbitol 
Bovine 

alblmlin 
Liver 

fIWZiOl3 

Gel6tin 

ccnlla- 

PM 
Yeast 

IlUClCiC 

acid 
None 

0.25 12.5 
0 83 12 5 
0.25 125 
0.83 12.5 
0.83 12.5 
0.83 125 
0.83 12.5 
0.83 12.5 
0.83 12.5 
0.83 12.5 
0.83 12.5 
0.83 12.5 

:: 
12-s 
12.5 

10 0.25 12.5 

8.2 0.25 12.5 
2-10 1.14 11.5 

2-6 1.14 11.5 

10 0.25 12 5 
- 0.25 12.5 

96 
- 

;: 
107 

99: 
99 

100 
94 

101 

99 

- 

- 
- 

- 

- 
- 

- 
8-S. 

l-9’ 

- 
- 

87 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

63 - 

68 
- 

- 

- 
- 

- 

9 
- 

b IF = intrinsic factor; M = ascorbic aad. 

Stock aqueous solutions were prepared from protective agent, ascorbic acid and 
cyanocobalamin-‘@Co, and analyses by reverse isotope dilution performed initially 
and tier r3,65 and 10.5 months. Protective agents assayed included intrinsic factor 
concentrates, agar, sorbitol and proteins. Stabilisation was suspected in view of 

l Expcrima~ts performed by Mcaara H. T. Meriwethcr and P. E. Gethard of thae Laboratories. 
16 
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numerous reports of enhanced oral absorption of the vitamin ingested simultaneously 
with certain of these materials. Because clear solutions were involved, it was not 
necessary to apply that part of the isolation procedure designed to ehminate tissue 
components. Estimates based on spectral changes are uncertain because of the lack of 
knowledge of degradation products and their spectra. The dilution procedure is 
unequivocal in that pure cobalamin is isolated. It is also performed more expedi- 
tiously than a microbiological assay. Given the rapid degradation of vitamin B,z 
in the presence of ascorbic acid, it is seen from Table V that the vitamin is indeed 
much stabihsed by several of the intrinsic factor preparations. Neither sorbitol nor 
the proteins were effective. 

The fate of administered cyanocobalamin retained in animal tissue has also been 
studied by the reverse isotope dilution method. Thus, practically all of the radic+ 
activity resident in the liver of dogs receiving 3.6 or 14.3 pg of vitamin B#Co by the 
intravenous route and examined 5-71 days after dosing, were found to be recoverable 
as a cobalamin.‘* The isolation procedure described above was applied to these 
liver specimens. This being the case, the resident cobalt-60 radioactivity could be 
assumed to represent vitamin B,,- ‘Wo, which could thus serve as a resident indicator 
for determining the vitamin B, content of the liver specimens by the direct isotope 
dilution method. This was confirmed by direct isolation (without addition of carrier) 
of total cobalamin from 100 to 200-g samples of tissue and measuring its activity 
(B cpm) and quantity (Z) m the isolate. The value of the initial radioactivity (A cpm) 
was obtained by direct measurement of the tissue radioactivity. The cobalamin 
content of dog livers could then be calculated from equation (2). These values were 
confirmed simultaneously by the addition of high specific activity vitamin B&‘Co 
tracer prior to isolation. The actual isotope dilution analysis thus constituted a 
“double labelling” tracer experiment in which cobalt-60 and cobalt-57 were deter- 
mined simultaneously m a gamma-ray scintillation spectrometer. Results are reported 
in Table VI which show that resident cobalt-60 radioactivity is recoverable quantita- 
tively as a cobalamin, and the cobalamin could serve as an indigenous tracer for 
vitamin B,, because it yielded essentially the same values for the vitamin BU content 
of dog liver as did exogenous vitamin B,,-“Co. 

Although retained as an intact cobalamin, the administered cyanocobalamin does 

TABLE M.-VITAMIN B,, cmmwr OF DOG LIVERS 

Dog Cobalamins, % 

Cobalamin 
f&8) bY 

isotope dilution 

‘OCO “co 

282 103; 100 0 10 0.08 
0.06 @07 

274 98; 104 @14 0.14 

276 97; 98 - - 

328 95 0.28 0.24 

320 95 - - 
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undergo considerable conversion to the hydroxo analogue. This was shown by the 

reverse isotope dilution method employmg the proteolytlc enzyme papain instead 
of nitrous acid to liberate bound vitamin Bra from protern and other tissue com- 
ponents, and by using both cyanoeobalamin and hydrox~o~~in as carriers. 
In this study,= 2.4 pg of oral vitamin &s J7Co and N 14 rug of tutravenous vitamin 
B#K!o were admimstered in divided doses, and tissues examined 4 weeks after the 
last dose. It appears from Table VII that, regardless of the mode of administration, 

TABLE VII.-REWRSE LSOTOPE DILUTION ASSAY OF m LWEW (PAPSUN TREATMLNT) 

Recovered as 

carriers Boded, 
min 

CyanocobaIamin, O0 
- 

“CO ‘TO 

1 Cyan0 + 15s 6.7 74 101 108 
hydroxo w 19 7 21 4 666 664 

2 Cyan0 IS 9.6 10 8 - - 
cymo 15 165 138 - - 

Cyan0 + 15 6.6 62 100 100 
hydroxo 608 25 2 26 1 645 405 

60 177 17 I 70 4 69 2 
120 22 8 21 7 62.1 61.5 

Hydroxo 60 - - 100 io.5 

l These Isolates were further pun&d by chromatography on paper, elutlon, solvent extractton 
and ioncxchangc resins. Results were esscntlally the same as m the standard procedure. 

most of the radioactivity was recoverable as hydrox~obalam~~ and that only 
7-25% was retained as intact cyanocobalamin. This is consistent with the observation 
that hydroxocobalamin predominates among the natural sources of vitamin B, 
activity. 

SATURATION ANALYSIS 

The interaction between vitamin Brs and micro organisms, blood serum, intrinsic 
factor and other substances of biological importance has received intensive study 
because of the ~ssiblediagnostic significance and to gain an insight into the mechanism 
of action of the vitamin. This “binding power” for vitamin B, has been employed, 
among other uses, as a qualitative indication of the potency of intrinsic factor (IF) 
preparations, and to guide the concentration and isolation of this bioIogicaI material 
from animal intestinal sources .*I The binding power (BP) is measuied most easily 
if a radioactive vitamin is employed. In principle, one only needs to incubate suitable 
amounts of intrinsic factor concentrate (IFC) with an excess of labelled cyanoco- 
balamin and, after a predetermined time, remove free vitamin by dialysis,= adsorption, 
chromatography or by electrophoresis. If the intrinsic factor is recovered quantita: 
tively, as in the dialysis procedure where it remains in the dialysis sac employed, its 
radioactivity as measured by scintillation counting indrcates the weight of vitamin B,, 
retained by the IF present, and the weight of ~tarnin~u~t weight of binder (Le., BP) 
follows. Alternatively, the excess radioactive vitamin B,, removed by the inert 
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adsorbent could be measured and the bound vitamin deduced by di.tTerence. A typical 
set of data83 is illustrated in Table VIII, which shows the amount (mg) of a given 
intrinsic factor preparation added to 15 ml of solution containing a total of 624 mpg 
of cyanocobalamin-d0Co before dialysis, the percentage of vitamin retained by the 
mtrinsic factor concentrate after incubation at room temperature for 1 hr and 
dialysis in Nojax casing against running tap water for 22 hr, and the ratio of the 
retained vitamin (mpg) to the weight (mg) of binder. Up to O-928 mg of intrinsic 
factor concentrate, a constant average binding power of 675 mpglmg is obtained 
because the binding capacity of the IFC is saturated. Beyond this point, which just 
corresponds to the retention of lOOoh of the labelled vitamin, the vitamin excess 
is exhausted and progressively lower B&F ratios are obtained. 

TABLE VIII-BINDING OF VITAMIN BI, BY I NIRINSIC FAcrOR C0NCENlRAl-E 
(VlTAMIN ADDED: 624 ln& 

Wt. IF, 

w 

B 
t&id, 

o/o 
BP, Wt. IF, 

wghg fv 

B 
bou:d, BP. 

% mwk 

0 055 5-l 650 0164 84-O 686 
0.218 23 1 660 0 819 89 3 681 
0 328 35.2 669 0 874 94.2 672 
0 437 48 4 689 0 928 99 5 669 
0546 56 8 650 1.09 99 6 570 
0 655 73 7 701 1.64 97 370 
0 710 79 5 699 2 18 97 280 

At higher concentrations of vitamin, the percentage of total vitamin bound/given 
weight of IF would be lower because its binding power is fixed and its capacity 
already saturated. Clearly, therefore, the addition of extraneous vitamin B1p to the 
system represented in Table VIII would lower the percentage of vitamin Brs bound, 
and the radioactivity retained would be less than the figures shown in Table VIII. 
This, in effect, would constitute an isotope dilution assay without separation of the 
isotopic mixture for measurement. This would be valid if no extraneous components 
in the medium interfere with the binding of vitamin B,; then the IF serves both to 
isolate pure or uniquely distinguished radioactive vitamin and to permit facile 
measurement of final specific activity. This approach to the measurement of small 
amounts of vitamin Brs was proposed” for the assay of urine and appkP to the 
measurement of the capacity of gastric juice to bind the vitamin. The adsorbent there 
was resting L. leichmanniP cells; the proposal was never actively pursued, presumably 
because of the difficulty of cultivating a cellular mass of uniform and reproducible 
binding capacity. 

This principle* has since been applied to the micro estimation of fluorideas and, 
under the designation of “saturation analysis”, to the analysis of biological media for 
insulin,sr thyroxineaa and recently, again vitamin Bra.ss*~Jn The vitamin Bra adsorb- 
ents utilised are, however, not micro organisms but hog intrinsic factor concentrate,sa 

l A similar principle was employed’* to dewmine the solubility of lead sulpbate in 
solutions comainiag large eWeSea of sodium sulpllate and iu ahhol-water mixtIm& The 

av 
icator 

utilkd was the lead isotope ThB(*“Pb) and the adsortmt waa kad sulphate of pruktumii 
apccitk surface. 
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which IS a protemaceous material, or other bmdlng protem as IS supplied m a “stand- 
ard” serum31 or plasma% specimen. In all of these proposals, a specimen of urine, 

plasma or serum of unknown vitamin B,, content IS heated to liberate its vltamm B, 

burden, and Incubated with a fixed amount of radioactlve vitamin B,s-(s7Co or 
-‘Wo) and a standardlsed vltamm B,, bmder. After Incubation for a suitable period, 
the sequestered radioactivity IS determmed either (1) by dialysiP to remove excess 
(“free”) vitamm and measurement of residual ((‘bound”) radioacthty, (2) by removal 
of free vitamin by adsorption on charcoala and measurement of same, or (3) by 
removal of bound vitamin by precipitation of the IF-vitamin B,s complex by the 
Somogyi method, ao and measurement of the free vitamin left in the filtrate. Because 
the quantity of the inittal radtoactive vitamin employed is known, one can always 
deduce the relative amounts of free and bound vitamin, and the ratios of these 
quantities, and from thts measurement deduce the vitamm B, content of the unne 
or plasma sample. 

TABLE IX-COMPARISON OF VITAMIN B,? ASSAY METHODS 

Sample InvesttgatoP 
Vttamm B,,. mpg/ml 

Radtometnc Mtcrobtologcal 

Unne Infecttous hepatms G,S&M 0 25-16 0 IO-12 
serum Normals B&E 0 33-O 84 0 27-l 2 
Serum Normals R 010-033 - 
Serum Normals B,S&M 05(M 60 - 
serum Macrocyttc anaemra B&E 001-0074 - 
Serum Macrocytrc attaerma R o-O.072 - 
serum Macrocyttc anaemta 

(after treatment with 
vitatnm B,,) G,SCM IO 12 

serum Myeloid leukaemia B&K 9.0 - 
serum Myeloid leukaemia G.S&M 25 35 
Serum lnfecttous hepatttis G,S&M 2540 20-48 
Serum Ltver cirrhosts G. S & M IS 16 

a Grossowtcz, Suhtzeanu and Merzbach; Barakat and Ekins; Rothenburg 

It has been customary among investigators to construct a calibration curve 
relatmg exogenous crystalline vitamin B,, concentration (1) with free radioactive 
vitamin,31 or (2) with the ratio of free to bounds radioactive vitamin or the inverse 
ratio,= and reading the vitamin B, concentration of an unknown from such a 
calibration curve. A plot of Free/Bound radioactive vitamin us. vitamin B,, con- 
centration IS perhaps most convenient because it is hnear. The identification of 
saturation analysis as an isotope dilution procedure, where the adsorbent serves the 
dual function of isolation and facilitating the determination of final specific activity, 
was recognised by one group of investigatorP whose expression for vitamin B,, 

concentration of an unknown is: c. B Bra mpg/ml = 7 c - i , 
[ 1 where V = 

sample volume; G = cpm added ; C, = cpm in ahquot diilysed ; B = mpg of 
vitamin Bra interpolated from the linear calibration curve; and S = specific activity 
of the radioactive vitamin B,, in cpm/mpg. Rewriting with the notation employed 
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above tn an earlier section, we have V x B,, = X; C, = A cpm, S = Se; B = Z; 

and C, = B cpm, so that the precedmg expression becomes X = g Z - Y, a 

standard isotope dihrtton equation. 
This “saturation” variant of the tsotope dtlution method for vitamm B, yields 

results in excellent agreement with those of mtcrobiologtcal assays for urine and serum, 
and has the advantages of being much more rapid and probably more reproducible. 
A comparison of both methods, and of the radiometric method as applied by its 
several protagonists, is shown in Table IX. This version of the isotope dilutton method 
is significant as an extension of the vitamin B, assay to physiological concentrations. 
Hitherto, one had been limited by the detection sensitivity of the spectrophotometric 
method to levels above approximately 50 &sample. This quantity is far beyond that 
which is readily available in samples of tissue and body fluids. The greatly increased 
detection sensitivity for vttamin B, attainable with the adsorption method permits 
the analysis of extremely low levels of vitamm present m natural media, and opens 
up a whole area of apphcabtlity for the Isotope dtlutton method. 

Zwammmfaasung-Radioakttves Vttamm B,, wurde als analyttsches 
Hilfsmittel, als bmchenuscher Tracer und als dlagnostuches Agens 
eingcsetzt. Von den verschiedenen beschnebenen marklerten Verbm- 
dvn smd nur die nut tsotopem Kobalt marklerten in physlolophen 
Dosterungen von Nutzen. Wegen der hohen spezi&chen Akbvlt&en 
von 1-2OOw/fig lassen sich Nachweisgrenzen im Picogrammbereiih 
rnit kobaltmarktertcm Vitamin B,, reahsleren Khrusche Anwen- 
dungen, wte dtagnostuche Tests auf pemtctose Ananue helm Menscben, 
stnd-gewtsserm&n analyttscbe Vo$inge, die Messungen des Vttarmn 
B,,-Transports erfordem. Von deuthcher analyttschem Charakter ist 
dte Anwendung der Isotopenverdunnungsmethodeauf phannazuusche 
Prtiparate, Nahnutgskonxentrate. Abfall- und G&ungsprodukte und 
knstalliie Cobalamine. Dre Best&rdiekett von Hvdroxocobalamin m 
stabilisiirter waDnger Losung bei pH 4:2 wurde auf dtese Weise gexe~gt. 
Dte umgekehrte. 1sotopenverdUnnungsmethode war be1 der Erleichte- 
rung von Stabiitlts- undAbbauuntersuchungen ebenfalls sehr ntltzlich. 
Auf dtese Weise wurde dte quantitattve Gewmnung unveri%nderten 
Cyanocobalamms aus Getrerde und aus btologtscbe Konzentrate 
enthaltenden Kapseln gezeigt. Umgekehrt wurde Umwandlung von 
Cyanocobalamm N Hydroxocobalamm in de-r Leber von mtt markter- 
tern Vitamin gefutterten Hunden gefunden. Eme umfanplche Unter- 
suchung uber Agentien xur Stabthsterun von Vttamm Btx m ascorbm- 
s&urehalttgen Ldsungcn wurde mit &lfe dea umgekehrten Isoto- 
penverdttnnungsverfabrens durchgeftlhrt. Da EmpSndbcbkett der 
IsotopenverdunnungMcthodcungsmethode wurdc m Rrchtung auf pbysiologtsche 
Mengen stark ausgedehnt durch Anwendung der “Sattigun yse”, 
eine Erweiterung der Messung der Bmdungskraft, dte a F “UltNlSlC 

factor-“Konzentrate und auf tiensche Gewebe einschliBhch Serum 
oder Plasma angewandt wurde. 

R&m&-La vltamrne BIS radmacttve a Ctt employee dans un but 
analyb ue, comme traccur biolwque et cornme agent de dtagnosttc 
Des d I 6rentes molecules marqu&s, seules celles marquees avec des 
isotopes du cobalt sont utiles au niveau des doses physrologtques A 
cause des hautes actrvitts s-ques de (l-200) ~/~g. la senstbthtt 
de la detectton dans la r15gton du prcagranune uttltse de la vttamme 
B1, marquee au cobalt. Des appbcations clmiques, y comprts les 
diagnostics de l’anemte pemicteuse chex l’homme, sent, en un sens. des 
moyens analytrques comprenant des meaures du transport de la 
vttamine B,, D’un cam&m analynque plus duect est l’application 
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de la m6thode de dilution isotopiqueauxpreparatrons pharmaceuuques, 
concentr& abmentaires, produits de d6gradation et de fermentation 
et aux cobaltamimt cristalli&s. Gn a mom& par cette mtthode la 
stabihti de l’hydroxocobaltamine en solution aqueuse tampot& 
(pH = 4,2). La m&hode de dilution isotopiqw en retour at aussi 
tr& utile pour faciliter les etudes de stabiht6 et de degradation. Gn a 
month par cette mtthode que, dans ks drcales et darts des capsules 
contenant des concentr& biologi 

%* 
ues, on retrouvait la m&me quantttc 

de cyanocobaltamine n’ayant su I aucune transformation. Au con- 
uaire, la cyanocobaltamhw se transforme en hydroxocobaltamme 
dans le foie des chiens mcevant de la vitamine matqu&. TOUJOU~ 
prrccttemtthodeonapeueasctueruneCtudecomp~desPgents 
protectaus pour stabiliser la vitamine Br, dans des solutions contenant 
de PacUe ascorbique. La sensibilit6 de la dilution isotopique a Ct6 
gamkment accrue vets ks niveaux physiologiques par I’apphtiO~ 
de “l’amlysc de saturation*‘, une extenston de la mamm du pouvorr 
de liauon appliqu6e au facteur intri&que des concentrcs et aux 
tissus animaux contenant du &rum ou du plasma. 
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Summary-The ekctrical conductivity of very pure bromme is lower 
than that ‘vcn in most of the carher htcraturc, and the surface tension 
1s shghtly E gher. In the bquld range, these propew can be ucprrssed 
by the cquatlons log k = - Il.372 + 0 01281 and y = 45.5 - O*lStt, 
where k IS in ohm-’ cm-l, y m dyne . cm-l and r in “C. Data on the 
thermal conductlvlty of the liquid arc given for the first tune. 

INTRODUCTION 

AMONG the continuing interests of this laboratory is one involving the properties and 
applications of bromine and its compounds. Through the years, elemental bromine 
has become available commercially with ever-increasing purity, until the 99.984999% 
products on the market today rival the especially pur&d materials used for properties 
measurements some generations ago. Much of the improvement in the commercial 
product derives from better methods of fractionation and other treatments to remove 
organic substances and chlorine, recognition of the need for eliminating moisture 
and acidity to minimise corrosion problems, and the development of improved 
analytical methods for detecting impurities. Infrared analysis, for example, can reveal 
the presence of a few ppm of moisture as well as of chloroform and other partially 
halogenated hydrocarbons. Wagner’@ has recently pointed out that pure bromine is 
transparent throughout the normal infrared region, a fact which had been known in 
the industry for quite a few years. The difficulty of removing the last traces of organic 
substances by permanganate or chromic acid oxidation had not been realised originally. 
Thermal oxidation processes have been found in this laboratory to be more effective. 
One such process has been described by Codell and Norwitz.’ 

With high-purity bromine available as a starting material, it appeared desirable to 
make new determinations of some of the physical properties of this element. The 
present paper deals with measurements of the electrical conductivity of liquid and 
solid bromme, and of the thermal conducttvity and surface tension of liquid bromine. 

I-ELECTRICAL CONDUCTIVITY 

Previous determinations of the specific conductance of bromine have given results 
as shown in Table I (cJ Shes). 

The data are concordant in that they all indicate a very high resistance of bromine, 
but discrepancies are evident. It should be noted that Exner’s value, reported in 1882, 
was necessarily obtained with equipment inferior to that available later, and that 
Moessen and Kraus in their work were concerned primarliy with bromine solutions 
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.rather than with a fundamental value for pure bromme. The conductivity of solid 
bromine has been reported by Rabinowitsch” as 8 x 1O-12 at - 183’ and 4.5 x IO--” 
at -9”. 

TABU I.--ELecrruW CONDUCTIVITY OF LIQUID BROMINE 

T-p., 
“C 

Spec. cod WI. 
mhos. cm-’ 

Reported 
by 

-9 5.14 x lo-‘* Rabmow&sch** 

-4.5 
5.50 x lo-l* Rabinovvltsch” 
7.94 x lo-” Exlu? 

0 8.63 x lo-” Exnefl 
0 9.6 x lO-” Anderson’ 
0 6.32 x lo-” RabinowitscW 

15.5 8.95 x lo-‘* RabinowitscW 
17.2 1.21 x 10-u Exn& 

: 
l-6 x lo-’ Fink&tciO’ 
1.12 x lo-’ RBbiDOtitSCh” 

25 1 to 6 x lo-‘* Mocsscn and Klaus” 
38.5 2.5 x lo-” Exnerl 

l Supcrcookd 
EXPERIMENTAL 

Purijicatwn of bromine 

A procadurc combining that of Codell and NorwiW with that of Hildcabmnd, Kramer, Mea- 
Dodd and Stull’ was anployal. High- urity commercial bromitx was 
oKY@= 

thmufh about 10% o 
a quartz tube 8t 900’. & condcnscd bromine was allo 

ita wei@ of prm&~~Q fused cacsium bromide (to ranovc chlorine), then was 
Traaa ofhydnxhlonc acid, 
vacuum distiUations back al!? 

drobromic add, carbon dioxide and water wcrc nsnoved by 
forth through drying tubes containing alternate laycra of igm 

naium oxide sod barium oxick. in a cloud system. The product was fLinaUy distilkd under its own 
vapour prcanuc into the evacuated and cookd conductivtty cell. Although no freezing-point data 
rpa~the~~rhouldberlightlybe~thanthatofHilden~derol. Tbcirdatabad 
~~impuntyoontcatof~than0~001mokpercent,buttheprrsarceof10_1S~of 
chkm&rm was subecquc&y found by infrared analysis. 
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RESULTS 

Averaged values of the data obtained are presented in Table II. Generally, the 
individual runs at a given temperature yielded values agreeing within 3-5%. The 
conductances are estimated to be precise to 5% for the liquid and to 10% for the solid. 
The data are shown m a semi-log plot in Ftg. 2. Over the linear range (liquid), the 
conductance can be represented by the equation: 

log k = - 11.372 + 0.0128r 

where k is in ohm-‘.cm-‘. and 1 is in “C. 

TABIE IL-Eucnuc~~co~~ucnvn~ oFmLmANDLIQmDBRoraNB 

Temp, Resistance in 
‘C all, MCI 

Sp==ytd;cK), 
1 

-200 (sohd) 21,250 28 x 10-l’ 
-15.0 16.350 3.6 x 10-I’ 
-10.0 11,050 5.35 x IO-” 
-73 7,320 8.1 x IO-” 
-7 0 (Irquld) 1,800 3 3 x IO-” 
-50 1,610 3 7 x IO-” 

@O 1,390 4.25 x lo-” 
50 1,210 4.90 x lo-” 

100 992 5 97 x IO-” 
IS0 888 6.67 x 10-l’ 
200 753 7.86 x IO-” 
25 0 651 9.10 x 10-l’ 
30-O 586 1.01 x 10-11 
35.0 497 1.19 x lo-” 
400 439 1.35 x lo-” 
45 0 369 1.60 x lo-” 
50-O 321 1.84 x IO-” 
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I 
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Fio. 2.-Ekt~cai conductwty ot bromme 

DISCUSSION 

Tungsten rather than platmum was chosen for the electrodes because of the 
observation that on prolonged contact with bromme, platinum became coated with a 
thin layer of a bro~sh-ye~ow substance which upon solution m water would yield a 
spot test for platinum. 9c6 Tungsten remained unchanged throughout the experiments, 
though considerably later after standing in moist air, the electrodes were found to 
have acquired an olive-green coating. The Inertness of tungsten towards bromine was 
also evidenced by potentiometric measurements in a bromine-bromide system. A 
tungsten electrode exhibited a stable and reproducible potential, positive to that of a 
silver or magnesium electrode but identical with that of a tantalum electrode in the 
same system. 

Ideally, the conductivity should be measured at audio frequency. However, with a 
resistance of about 1000 Nfz any small capacitance would short-circuit the input, 
making a.c. measurement exceedingly difficult. Therefore d.c. measurements were 
used here as well as in most of the work previously cited. Moessen and KrauP used 
an a.c. method. 

While polar&on stilI existed in our experiments, it was mmimised by the use of a 
low d.c. voltage, brief recording time and shortcucuitmg between recordmgs. 
The reproducibility of the extrapolated values and their independence of the polarity 
of the eleotrodes indicate that polarisation had not caused any permanent changes m 
the system. 

It is of interest to note the course of polarisatton over longer recording periods, 
similar to what was found by Anderson. s Curve I of Fig. 3 was obtamed after the 
electrodes had been shorted for a long time. The resistance slowly rose to a maximum, 
then tapered off. Curve II was obtained immediately after I and with the polarity 



Highly purified bmnmt 275 

changed. Tbe reststance rapidly rose to a maximum A, dropped to a mimmum B and 
6naUy rose again to a nearly level maximum C. Additional recordings after immediate 
changes of polarity were similar in shape to curve II, except that the resistances were 
shifted to lower values. Anderson’s curves also showed a ~~rnurn in resistance (or 
rather a maximum in current in ber paper), which was taken as the correct value. 
Separate $milar experiments here showed that if our minimum bad been considered 
the correct value according to Anderson, It would be within IO to 20% of the extra- 

1000 r 

6501 1 I , 1 I I 
0 I 2 3 4 s 6 

TIME, MINUTES 

FIG 3.-Effect of poiansauon Cum I-Resistan= after prolonged shorting, 
Curve II-Raatance after passage of current and change of polarity. 

polated value E of Fig. 1. The extrapolated vaIue was more reproducible, however, 
and hence was chosen as the one to be reported. 

Compared with the findings of other workers, except Exner, the present values are 
about two orders of magnitude smaller in speci& conductance. Tbis is attributed 
mainly to more complete removal of impurities, especially moisture, because a value 
more comparabk with those of other workers (i-8 x lo-‘Q at 25”) was ohserved in 
using high-quality commercial bromine without additional purification. Furthermore, 
the conductance of a puri.W sample continued to decrease with more passes through 
the purifying columns until ahout the tenth passage. On the other hand, Exner’s 
values were about one order of magnitude smaller than ours. This may he fortuitous, 
in view of the fact that he used bromine without stated exclusion of mojsture, in a 
cell of rather large cell constant (electrodes each 1.36 cma, 2 mm apart), which called 
for fairIy large applied voltage. it IS also of interest that Addenbrooke’ in discussing 
Anderson’s work, mentioned that he had earlier obtained a specific resistance of IOU 
mcgohmr for bromine. Clearly ohms was intended, judging from his data. Although 
he accepted Anderson’s values, his own lies closer to ours (assuming it to be expressed 
in ohms). 

The resistance curves of solid bromine during short recording periods with 
intermediate shottcircuiting were similar in shape to those of the Liquid. For longer 
recording time and intermediate switching of polarity the shapes of the curves were 
always Iike that of curve I in Fig. 3, showing that the effct of previous polarisation 
was negligible. 
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II-THERMAL CONDUCTlVITY 

No previous data on the thermal conductivity of liquid bromme were located. 
It was decided to employ a hot wire method, the principle of which has been adequately 
discussed by Hutchinson .* Thanks are expressed to W. E. Hatton for assistance in 
applying this method. 

EXPERIMENTAL 
Apporotas 

The cell was made up of a Pyrex tube, 2 79 mm o.d. and 1.57 mm t.d., housmg a co11 S-5 cm m 
kngth and 0.092 mm in diameter made from tungsten wire O-012 mm in dtameter. Separate leads for 
current and potential nUasurement were COMCC~ at each end of the tungsten coil. The resistance 
of the coil m air was 146SO9 l3 at 20”. 

In the electrical circuit the following e-lements were connected m series, in a closed loop a bank 
of Edison cells with a total c.m.f. of 8 V, decade resistors ranging from 100 to 10,000 f.2 to adjust the 
current level, a calibrated lOO& precision roustor with negligible temperature coefficient and the 
conduct&y all. A precision Rubicon potentiometer with a sensittve galvanometer was used to 
determme the potential across the all to wrthii 0 01 mV. 

For temperature control a 4-litre beaker wtth a stirrer was placed in an ordrnary constant tempera- 
ture bath mth an insulatmg cover. The temperature of water in the beakex coufd be kept constant to 
about O-002”. as indiited by a Prince thermometer with dtvisions tn O-01”. For the measurement 
at lo”. ice-water was circulated through a coil in the outer bath. The conduct&y all was placed 
msrde the beaker. 

Reagents 
Reagent-grade toluene and carbon tetrachloride were doubly drsttlkd. By gas chromatography 

the toluene showed impunties total& O-46 area per ant. These conststed of two major impuntres, 
probably paraffin hydnxarbons boiling near tolucne, and three traces one of which was most hkely 
benzene. This product should be similar to the analytrcal-reagent grade used by Challoner and 
Powell ’ 

Procedure 
The all was dned by evacuation and was loaded in the same manner as the electrtcal ail. to 

avold contact of bromme with the air. At each bath temperature a constant current was apphed to 
the tungsten coil for 1 lu or longer. Potentials through the standard resistor and through the cell 
were measured at the end of the period. From these values the resistana of the tungsten co11 at a 
detinite power level could be calculated. The current was then changed and the detenmnations re- 
peated. A plot of resistance against power resulted in a straight line, which also served as a check 
for internal consistency. With a scria of bath temperatures, a serves of such straight plotswasobtamed. 

For each plot the extrapolated value of resistance at zero power level was the resistana of the 
co11 at the bath temperature. Whenthii resistance was plotted agamst the bath temperatures, the slope 
of the rautlting s * 

? 
t he plot was equal to the temperature coefliuent, a. of the coil. 

Choosing a suita le value of power w from a reststance-power plot, tts correspondmg At, was 
obtained by readiig AR from the plot and multiplying It by a. At, denoted the temperature dtffennce 
between the wite and the bath. When a correction term At*, representing the temperature drop 
across the Pyrex wail, was subtracted from At,, the difference was At, the temperature drop across the 
thin shell of the sample hquid. The value of At, could be calculated from the dmtenstons of the cell 
by means of known formulae.” 

The values of w and At are related by the equatton: 

w = kCAt (1) 
where k IS the tlxnnafconductwity of the sample and C is the all constant. The latter was determmed 
by cafibrauon expenments wtth toluene and carbon tetrachloride. For tlus purpose the data of 
Challoner and Powell* were used because of then apparently high prcctslon (see below) and swtabk 
spacing of tcmpentturcs. 

RESULTS 

Calibration data are listed in Table III and the averaged results obtained with pure 
bromine are shown in Table IV. The determinations on bromine presented no diffi- 
culty in the range from 20 to 50”, with results reproducible to 1 or 2%. Over-all 
accuracy is estimated at f5%. The measurement at 10’ showed larger scattering and 
its accuracy is estimated at &lOo/o. The data are plotted in Fig. 4. 
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TABLE III --CALIBRATION OF THAW cormumvm CuL 

SnUbdUd 
Temp., Thermal Power (W-), At, Ceil constant , 

“C eonductrvrty’ waft “C cm 

Tolucnc 
Toluene 
TOlUCIW 
Toluenc 

Carbon 
tetraehloride 

carbon 
tetraehloride 

Carbon 
tetraehloride 

3.36 x IO-’ 3 x 10-l 0.1802 49.5 
3.29 x lo-’ 3 x 10-J O-1935 47.1 

40 3.15 x lo-’ 3 x lo-’ 0.1922 495 
50 3% x IO-’ 3 x 10-z 0 1961 50-O 

Average 49.0 

10 

20 

40 

258 x 10-a 3 x lo-’ 0.2443 47.6 

2 55 x lo-’ 3 x lo-’ 0.2372 49.6 

2 48 x lo-’ 3 x 10-a 0 2498 48.4 

Average 48 5 

’ Data of Challoncr and Powell’ expressed in cal cm l.~-l.deg-*. 

TABLE IV.-THERMAL CONDUCTIVITY OF LIQUID BROMINE 
(cell constant 49 0 cm, power 3 x lo-’ W) 

T-p, At. Thermal eonductrvtty, 
‘C “C cal cm-i see-‘.*-’ 

10 0 2015 3.04 x IO-’ 
20 0.205 1 298 x lo-’ 
z; 0 0 2087 2106 2 2.91 93 x x lo-’ lo-’ 

40 0 2216 2.76 x lo-’ 
45 0.2303 2 66 x lo-* 
50 0.2428 2.52 x lo-’ 

260- 

240- 

FIG. 4.-Thermal conductivity of brommc. 
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DISCUSSION 

For work with bromme, it is a particular advantage of the hot wire method that 
the ceU can be constructed of materials resistant to corrosion. However, the accuracy 
of the method IS dependent upon calibration against a substance of known thermal 
conductivity. The thermal conductivity of toluene has been studied by many imestl- 
gators, whose results have recently been examined statistically by Ziebland.20 Accord- 
mg to his conclusions, the values of Challoner and Powell are about 1.8% too high. 
If this is the case, our data for bromine are also too high. We have chosen to retain 
the higher values, particularly because a change would give poorer agreement for the 
cell constant as found with carbon tetrachloride. 

The thermal conductivity of bromine around room temperature hes between those 
of toluene and carbon tetrachloride. The temperature coefficient IS negative, as is also 
observed with many non-polar liquids, but it is not constant. The drop in thermal 
conductrvlty above 30” shown in Fig. 4 is not likely a result of experimental error. 
While the explanation is uncertain, it must be remembered that bromine is a hquld 
whose heat capacity, heat of vaporisation and boiling pomt are all quite low. 

Over the range from 0 to So”, the thermal conductivity of liquid bromine may be 
approximated by the expression k = 3-04 - 0.004 (t - 10) - 2-O x lmt - IO)*. 

III-SURFACE TENSION 

A brief hterature search failed to reveal any recent determmatlons of the surface 
tenslon of bromine. International Critical TableslO lists values which appear to have 
come almost entirely from unpublished work of W. D. Harkins and G. L. Clark, 
because the results m cited earlier references are either dlscordant or d&icult to 
interpret MeUor” gives an equation, based upon data by Ramsay and Aston,ls 
which yields surface tension figures about 6 2’0 lower than those in International 
Cntical Tables. In no case is there an indication that the bromine used was carefully 

purified. Both capillary rise and drop weight methods had been employed for the 
earher measurements, the former was chosen for use in the present study. 

Appararus 
EXPERIMENTAL 

A all was made from two sections of Pyrex tubmg 9 aches long, the mslde dlametets berg 2 Inches 
tn one case and l-2 Inches in the ocher. Two pra~~on cap~llarics were poutloocd mside the narrower 
tube, albed by glass rods to the tube walls. The larger tubes were connected side-by-srde through 
very short sectIons of 3/8-inch glass tubmg at each end, and the ends were scaled and flattened so 
that the cell would stand upright 
bromme punfkatlon tram 

An arm at the top of the smaller tube made a conneshon wnh the 

001’ 
The all was placed m a constant temperature bath controllable w~rlun 

Readmgs of the bromme levels mre made with a Gaertner cathetomcter, the vernier of whxh 
could be read 10 wlthm 0 005 cm. 

Reaxenrs 

Doublydist&d reagent-grade benzene was used for cahbratlon of the capillaries. Derorused 
water dtstkzl from alkabne permanganate was employed for the same purpose. 

Procedure 

The all was ckaned wrtb a hot mixture of nrtric and perchloric acids. nnscd with the above 
dlstllled water and thoroughly dned before calibrauon or connectton wtth the bromine tmm After 
filhng and temperature adjusancnt, readings were taken of the hqrud kvels III both capdlanes and 
In the wider arm of the all. The cell was illuminated strongly from behmd and no dllsculty R?LS 
encountered m rcadmg the bottom of the bromine meniscus in the cap~llanes. In the wider tube, the 
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~IC&CUS was read at the lowest point through whvzh trxmsm~ttal tight could be mcogn&d. x 
was about 0.06 cm below the upper pomt of contact of liqrud bmmmc with the cell wall. 

AlWugh readings were made on both capillaries, only those from one capNary were ur#1 in 
calculating the results. These were from the one wbch showed closest Pganent be- cp& 
brrtmns against beazcne and water. 
such as the prcscncc of a bubble 

The other capillary served as a check against any abno&v, 

Density vaiues used were extrapolated and rounded off from a set obtainal on the pm-i&d bromine 
of Hildenbrand l I u/. by 0 L. Danlets of this laboratory. HB data covered the range 15-W, falling 
on a stmight line. The gravitationa: constant war cakulatal as 980 5 by Hclmert’s cquatton. Surface 
tension data of Richards and CoombP were used in cahbratmg the capillaries. 

RESULTS 

The radius of the capillary used for the calculations was taken as 04051S8 cm, 
this being the mean of the values from calibration against benzene and water. The 
value from benzene was only @loA larger than that from water. 

46 

44 - 

42 

40 - 

38 

36 - 

34 - 

32’ , * I 
0 IO 20 30 40 30 

TEMPERATURE,*C. 

FIG. 5.-Surface tension of bromine: eprc5cnt values, O-I.C.T. data. 

TABLE v--SWFA~ TENWIN OF LlQClD BROMINE 

capiualy rist, Density, Surface tension, 
c!n &ml-~ +WW-’ 

0 
5 

:(: 
20 
25 

E 
40 
45 
50 

E 
s-470 
5400 
5300 
5210 
S-120 
5.055 
4.960 
4-860 
4770 

3 I91 
3 174 
3.156 
3 I40 
3.122 
3-106 
3.088 
3.070 
3.053 
3 036 
3.019 

45-5 
44.7 
43.6 
42.9 
41-8 
40.9 
40-O 
392 

z-: 
36-4 

16 
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The surface tension data obtained with bromtne are hsted m Table V and plotted 
rn FIN 5 along with those from the International Critical Tables. The equation 
representmg the upper hne is* 

y = 45.5 - 0*182t 

where y is rn dyne.cm-1 and t ts m “C. 

DiSCUSSION 

The maxlmum error of the present results, based on possible errors in calibration, 
observed capillary rtse and temperature, should not exceed 1.4% or 0.5 dyne.cm-‘. 
Thrs compares favourably with the f0.7 dyne-cm-1 estimate given in the Inter- 
national CritIcal Tables, and the two sets of data are not separated by more than 03 
dyne cm-‘. Actually, however, the consistency of each set suggests that the difference 
between the curves IS a real one independent of small random measurement errors. 
Thts would point to the purtty of the bromine as a possible major item in the dis- 
crepancy if such is the case, the difference in purity probably amounts to several 
tenths of I per cent. One experiment with high purity commercral bromine (impunty 
less than 0 OS?/,) at 27-O’ ylelded a surface tension only 0.1 dyne.cm-’ below the 
upper curve Naturally this IS wlthm our expertmental error. Nevertheless, It is 
apparent that the surface tension of bromine is not highly sensitrve to the presence of 
trace impuritres 

Zusammeafassung-Die elektrlsche Leltf%hlgkelt von sehr remem 
Brom 1st nredrlger ats melst m der fruheren Llteratur angegeben, und 
die Obertlachenspannung etwas hoher. Im flussigen BereIch konnen 
dtese Etgenschaften beschrtehen werden durch dre Glcichungen 
logk -- -11,372 T 0,012at und y = 45.5 - o,latt, wo k in Ohm-‘. 
cm- I, ‘J m dyn/cm und t m “C angegeben smd. Erstmals werden 
Angaben uber dre Wlrmeleltfahlgkelt von RPssigem Brom gemacht 

R&urn&-La conductn& &ctnque du brome t&s pur est mfkrieure 
ii wile don& le plus souvant dans la IittCrature anttrieure, et la 
tenston superficlelle est ICg&rcment plus tlev& Dans le domame 
hqulde, ces propr&s peuvent ttre exprim6zs par Ies %uatlons log k = 
- 11.372 + 0,0128t et CC = 45.5 - 0.182t. ori k est expriti en 
ohm-lcm-i, a en dyne cm-l et t en “C. Pour la preml&c fols, on 
fourmt des donnCes sur la conductivit& tbermlque du hqurde 
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D,O EFFECT ON AH: AND AS: IN THE IRON*r-IRON”’ 
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Summary-The equthbrtum constant of the reactton Fea+ + D,O - 
FeOD*+ + D+ has been measured at 0 500 tome strength at 5”, 15” and 
25”. The AH and AS of this reactton are 9.32 f 0.56 kcal mole-r and 
17-7 f 20 cal. deg.-l mole-r, respecttvely. The rates of the electron- 
exchanae reacttons Fe*+ + *Fe*+ + Fe*+ + *Fe*+ and Fe*+ + 
l FeO$+ --c FcOD*+ -C l F&+ have been measured at 0 500 ~oruc 
strength at 5”. 15’ and 25”. The enthalpy and entropy of the latter 
reactton are 11.5 f 0 5 kcal mole-* and -4.0 & 1 8 cal. deg.-t 
mole+, respecttvely. 

THE electron exchange-reactions (1) and (2) were studred by Sliverman and 

Fes+ + *Fe” L Fe3- + *Fe2+ (1) 

Fe” + *FeOHZ+_!!!+ FeOH2+ + *Fe2+ (2) 
Dodsonl in H20 + HClO, + NaClO, medta wrth the ard of 55Fe tracer and an end- 
window Geiger tube to determine the radioacttvrty of the hydrous iron oxide precept- 
tates obtained at various times throughout the course of the reaction. The energres 
and entropies of activation reported were 9.9 kcal.mole-’ and -25 cal. deg.--r 
moleB1 for reaction (1) and 7.4 kcal.mole-l and - 18 cal. deg.-l mole-r for reaction (2). 

Reactions (1) and (3) were studied by Hudis and Dodson2 in 

Fes+ + *FeODe+ kD_ FeOD2+ + *Fe2+ (3) 

--90x DsO + DClO, + NaCIO, media using essentially the same techmques. It 
was found that the rate constants in D,O medra were less than the rate constants of 
the corresponding reactions in Ho0 media. At 7-l” the ratio of the rate constants of 
reaction (1) in HsO and D,O was approxrmately equal to 2 as was the ratio of the 
rate constants of reactions (2) and (3). It was not determined whether the substitution 
of D,O for H,O affected the enthalpy or entropy of activation or both The present- 
day availability of the rsotopic tracer mFe and of well-type scintillation counters 
allows more precise determinations of the rates of these reactions to be made. Hence, 
it was decided to determine the rates more precisely and to investigate the effect of 
D,O on the enthalpies and entropies of activation. 

The rate of the iron”-iron”’ exchange reaction in perchlorate media IS given by1e2 

R = kO,H + k&/W+1 
1 + WW+l 

. [Fexl][Felrr] (4) 

= kob . [FerrJIFelll] (5) 
0 On leave from Osaka University. Osaka, Japan. 
r Present address: 1898 Eustis Street, St. Paul, 13, Mmnesota, U.S.A. 
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ln which b,.,, k,, Kn and [Di] should be substituted for h,tr, kH, KH and fH+], 
respectively, when the exchange occurs in D,O media, KR ts the equ:ltbrtum constant 
of reaction (6) and Kn the correspondmg equlhbrlum constant m 

Fe3* -t- H,O - FeOH*+ + H+ (6) 

DzO. Hudu and Dodson2 reported a determmatlon of KD at 21.6” and assumed 
that the enthalpy change for reaction (6) was approximately the same in D,O as In 
H,O but this was insufficient for our purpose. Hence, determinations of Kn at 
several temperatures are reported here. 

Reqpents 
EXPERIMENTAL 

DID (>99 8%)). Obtamed from Nlchem Inc , Bethesda, U.S.A,, and punfied by dlsttlfation m an 
all-glass apparatus. D,O used m an experiment was reclanned and purziied by vacuum dtstitlation 
for further use. Anhydrous sodium carbonate and potassium permanganate were use&, when 
necessary, to destroy acids and organic tmpurrtles before dtstillation. The DIG content of the solvent 
was determined by measunng the specific gravity at 25“.* All D,O solvent used had a D& content 
greater than 98 5%. 

DClO,* Prepared by passing a solution of NaClO, through a column of deuterated Dowex 
5OW-X-8 (SO-l00 mesh) catton-exchange resm. 
was obtained as follows 

The deuterated form of the cationcxchange resin 
Resm in the sodium form was dehydrated m vacuum at room temperature 

to ehmmate most of the H,O present, washed with a large amount of D,O, placed in a 50-mi burette 
and converted to the deuterated form with a D,SO, solutton followed by pure D,O. D,SO, was 

JL 

pre ared beforehand by dlssotvmg anhydrous SO1 in D*O The DClO, solutton obtained from ton 
ge was dJstdled under reduced pressure several tlmcs to free it from small amounts of sulphate 

ton and organic tmpurmes, the final dJsdlate was found to be free from SO,*: The concentration 
of acrd in the fina solution was determmed by ttt~tton with a standard NaOH solution. 

Crpta!lwte Fe(ClO,), 6H,O und Fe(ClOJr * 6H,O: Obtained from G. F. Smith Chemical Co, 
U.S_A., and dtssolved m dtlute DCIO, soluttons m DtO m order to prepan the ironm and iron*’ 

k 
rchlorate stock soluuons used m the rate experiments, the amount of ordinary water introduced 

y the crystallme salts was negligrble. The methods of standardising the iron concentrations and of 
prepanng the trorP* perchlorate solutton tagged wrth “‘Fe were entirely similar to those descrtbed 
m a previous paper ‘ Care was taken to oxidtse any trace of rron*t impu~ty to ironm m prepanng 
the irorP perchlorate stock soluuon in D,O to be used m the spectrophotometric determmation of 
the hydrolysis constant of Irot+ In DiO by treating the salt with hot fuming DCIO,.S The total acid 
concentration, I e., the sum [DClOJ + 3[FexLrl, was deterrmned by potentiometnc titration with a 
standard NaOW solution. The concentrauon of Jronnx was then determined spectropbotometncall~ 
and the DCJO, concentratton calculated It was estabhshed by adding known quantities of iron* to 

1x1 known quantities of HClO, that each mole of non 
detemunation of the total acid concentration 

added required three equivalents of base in the 

Anhydrous NaClO,, used to mamtam a constant Ionic strength, was prepared from NaCO, and 
HCIO,, recrystalltsmg and drymg at 130”. 

Meawrement of the orrd dasocratton constant of trorP m 40 

Tk methods used to determme the actd dtssociatlon constant of ironxu in D,O were eaaentsally 
slmllar to those used by Slddall and Vosbur h ,‘I 
and 1 29 x lo-‘M DClO, was diluted PI 

A stock solution containing 564 x IO-%I4 irorP* 

constant concentration of irorP 
five- old in makmg a set of sample solutions containing a 

and varying DClO, COnGCIltrattons. All solutions were left to 
stand for a ptnod of 2 weeks before spectrophotometric measurements were made. This was rn 
excess of the necessary length of time ’ The aging period gives any polynuckar irorP specks, which 
may be present m the more concentrated stock solution, ttme to dissociate. 

Transrmttance measurements were made at 340 rng by means of a Beckman DU spectrophotom- 
eter equipped wtth an JnSulated cell compartment thermostated on all six sides so as to control the 
temperature w?thJn 10.1” A set of I O-cm corex cells with Canfully measured ecu characteristics was 
used and all absorbance values were corrected to cormspond to hypothetical 1@Mkm cells with zero 
blank corrtctlons 
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Metiremeot o/ lsotBpNxcho?ge rule 
The mam modifications made on the method of Silverman and Dodson’ for separatton of the 

valence states and for determination of radioachvrty in the ironrl poruon have been descrrbed else- 
where.’ Howover, further modi6cation.s were found to be necessary in the present study to reduce zero- 
time exchange. At a time r approximatety I ml of reaction mixture was withdrawn and delivered by 
means of a prpctte thermostatted at the temperature of the reaction mto an ice-cold quenchmg sohmon 
stirted by a magnetic stirrer. An fcoholii soWion of a,n’-dipyrrdyl uas used as quenchng solutron 
to mcrease the solubtlity of tns_(u,a’dipyridyl) uonK* perchIorate or precrpttatron of thrs Nit gave 
mcorrect results. Ice-&d AWcarrrer, ammonium acetate buffer and ammamum mtrate-aqueous 
ammonia buffer solutions were add& successively at controlled Intervals. Small fluctuattons m the 
volume of sample withdrawn and m the drainage of the pipette resuhed in small fluctuattons of the 
no+ cnncentntion of the aampkf taken for radioacttvrty deternunauon. To Correct thrs WurCC Of 
error the absorbance of each radioactive iron” sohnion at 520 mp was corn- wtth a standard 
nor@* solution and the radioactivity m~tipI~d by an appropriate factor to take tnto account ths 
than of ironrr concentratron. 

X reaction mixture was thermoam tted to &O 02” by muons of an outer insulated bath controflcd 
to 4 1” and an inner bath controlled to f@02* by means of opposmg heating and cbolrng dews 

RESULTS 
~@~~r~~f~on of ICE) & DzO 

If it is assumed that [DC] = [DClQJ@ [FeODwt) and that a wavelength can be 
found where FeODw is the main light absorbing species, then equation (7) is readily 
derived? for constant total [Fe’I*] and varying [D+]. 

1 
- = a + b[D+] 
A 

(7) 

rn which A = measured absorbance pi a,l[FeOD~+], a = l,%,![Fer”], b = i/K,-, 
e&[Fe*rr], ee = molar extinction coefficient of FeODe+ and I = length of absorption 
cell. When AS1 was plotted versus fD+] an approximate value of Kn was obtained 
from the relation K n = a/b. With this value of Kn, approximate values of [Fe3+], 
[FeQDS+], fD+] = [DClO,] + [FeODe+] and the absorbance e31[Fesf] from FP* 
were calculated. Corrected absorbance values for FeOD*- and corrected [D+] values 
were now plotted to give new values of tr and b in equation (7). Successive approxt- 
mations were continued untii the value of Kn remained constant; usually one or 
two cycles yielded constant Kr, values. The corrected A and [D+J values used to 
obtain Kn are given in Table I and plotted in Fig. 1. 

‘&ISLE I.-D &TERMlNATK.bN OF &, M D,O + Dch& J_ NaCioO, MEDIA 

Tam 
@P WfD+]M A 

25*2 It W1 2612 O-385 
4618 0248 
8645 0148 

12.68 0104 
Is@ *@I 2600 0251 

4609 O-154 
8640 O-0866 

12.67 061616 
50 f O-1 2592 0.1587 

4604 00945 
8.636 0.0518 

1267 0 0362 

([Fe”‘] = 1.128 x IO-V& p = MOO) 
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A weighted least squares*calculatron of a and b m equation (7) was made; the results 
are given in Table II. The relative weight given to each point (XI, yr), where XI = 
[D+]I and ye = AI-‘, was taken to be equal to (Ayi)-s. The error, Ayt, in the value 
of yi was considerably larger than the corresponding error in xi for most data points. 

32 

24 

16 

I I I 1 I I 

0 I I L 1 1 I 

0 2 4 6 6 10 12 14 

[D*] IO’,M 

FIG l-The mversc of the corrected absorbance for FcOD*+ versus the deutaium 
ion concentrauon, D+]. 

The error Ayi was calculated from the relations 

By, = A(Ai-‘) = & (AT) 

= 2.3O:Ai”T, (AT) 

m which Tr 1s the percentage transmrttance and AT is the error made in reading the 
percentage transmittance. AT was assumed to be constant over the scale used. A 
plot of log Kn versus l/T, shown in Fig. 4, gave the least squares values of AH and 
AS for reaction (6) in Da0 as 9.32 f 056 kcal.mole-l and 17.7 f 2.0 cal. deg.-l 
mole-l, respectively. 

The values of ep at 25”, 15’ and 5” were 1130, 1140 and 1150 cm-l M-l, respectively. 
The corresponding extinction coefficient in H,OB at 25” is 925 cm-l M-l. 
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TABLE II-WUGHTED LU~TSQUARESCALCULA~ON~F(I,~AND Ko 

Temp., 
“C 

25 2 
15.0 
5.0 

a b 

0 787 0.697 
0780 I.236 
0768 2.134 

10’KBM 
- 

1.129 f 0.048 
0.631 f 0.034 
0360 f 0.018 

Exchange rate m HpO 

Because AH$ and ASS have to be known rather precisely in order to determme 
the D,O effect on each tt was necessary to re-determine the rates of reactions (1) and 
(2) in H,O. The results are given in Table III. The product D . bb, in which kob 
IS defined by equations (4) and (5) and D = 1 + Ka/[H+], the denominator in the 
expressIon for k,,b, has been plotted versus l/[H+] in Fig. 2. Excellent precision was 

TABLEIII-~~OFIRONII-IRONIIIM~NOEM H,O + HClO,+ NaClO,mU.* 

Temp , “Cb 

500&@02 

15.txI*oO2 

2500*002 

W+lM lO‘[Fe”]M 

0.500 5.70 
0 250 3.17 
0167 2.53 
0 125 2.16 
0 072 1.27 
0 050 1.27 
0500 1.96 
0 250 1.35 
0167 0903 
0 125 0 753 
0 072 0.452 
0.050 0.301 
0500 0.758 
0 250 0.442 
0 167 0 316 
0 125 0.253 

lO’[Fe”‘]M 

3:: 

3.4 
14.5 
3.4 
3.4 

10.0 
10.0 
6.9 

10.4 
6.9 

;:; 
5.1 
51 
51 

koa 1. mole-’ see-’ 

2.16 
3.20 
441 
5.51 
8.68 

1205 
5.41 
9.19 

126 
15.8 
25.6 
362 
149 
260 
37.3 
47.5 

b The errors &en In the temperatures arc rawcs: tbc standard deviation probably does not 
exceed *tool”. - 

. 

obtained. Mtlburn’s semi-empirical expression,* equation 
values of 

(9), was used to calculate 

log K, = log K,” - 
4AG 

1 + 2.44 
(9) 

log KH at ,u = O-500 and at each one of the temperatures 18”, 25” and 32“. A regres- 
slon line, obtained from these values of log KH, is given in equation (10) and was used 
to obtain Kg at p = 0.500 and at 5”, 15’ and 25”. 

log &I = 4.531 - 2.165 x 10s/T (10) 

The errors of calculating log KH by equation (10) were estimated*0 from equation (1 l), 
In which Y = log KH calculated by equation (lo), X = W/T 

(11) 
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X = ZXi/n, II the number of (XI, Yi) sets used to obtatn equation (10) and CJ the 
standard error of yr = log ICni calculated by equation (9) CT was estimated as the 
variance of Milburn’s experimental values about expresslon (9). 

A least squares treatment of the data shown in Fig. 2, together with the values of 
KH calculated from equation (10) and the standard deviations of Kn calculated from 
equation (1 l), gave the rate constants and standard devratlons listed in Table IV. 

4c l- 

ea 1 - 

la . 

o[ I I I I I 

0 4 8 12 
I/(Hl, d6 

20 

Fm. 2-Depcndao~ of observed rate constant 00 acid concentrat100 in &O amiia. 

A least squares plot of each log k versus l/T gave AH,: = IO.5 f 0.85 kcal. 
moleW1, A&,* = -20.6 f 3.0 cal. deg*. mole-l for reaction (1) and AH,* = 8.44 f 
0.47 kcahmole-1, AS,* 3: -14.4 f 1.6 cal. deg.-l moleW1 for reaction (2). The plot 
of log kH versus l/T is shown in Fig. 4. The values given by Silverman and Dodsonl 
for these four quantities are in agreement with the values given here within the error 
of their measurements. The errors in AH,,: and AS,* are still considerable because 
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the steep slope of the D . k,,,, versus l/[H+] plots at the higher temperatures gives rise 

to standard deviations of 8 to 10% in k,,n as may be seen in Table IV. 

Exchange rate in DgO 

Exchange rate measurements made at three temperatures are given m Table V. 
Plots of D . kob are shown in Fig. 3. The intercepts, b.-,, and slopes, kn . Kn, of 

TMLE IV.-LEA~T~Q~ARB VAL~~~O~THIHERA'IECONSTANIXM H,O 

Temp., 
“C k a,B, I. mok-‘. SW-’ lo-‘k,,, 1. mok-‘. see-= 

50 1 04 f 0.03 0.993 f 0.043 
150 209 f 0.16 1.666 f 0.039 
25.0 4.00 f o-39 2 978 -f 0.089 

p = 0.500. 

TABLEV.-I~TE~~IRON~QRON lxx EXCHANGE IN D,O + DCIO, + NaClO, MEDU 

Temp , 
*c [D+hf IO‘[Fe*r]M lOqFe”‘]M koa I mole-l sec.-l 

- ----~ ---- 

5OOzt@O2 0500 12.63 1.9 0.936 
0200 7.78 1.9 1 a63 
0125 5 83 1.9 2 36 
0.050 2.67 19 5.40 

1500~002 0500 3 72 1.9 2 94 
0 250 248 1.9 4 96 
0167 2.48 1.9 6.95 
0 080 0.992 1.9 132 

25OOzlzOO2 0500 1 83 3.3 8 10 
0200 
0150 :z ::; 

17.1 
23 6 

0100 0 333 3.3 348 

jr = 0500. 

TABLE VI.-- SQUARES VALUB OF TM uTe CONSTANIS w D,O 

t’C be=, I mok-I. se@ kD Ko. se@ lO-‘kn, 1. mole-‘. set-’ 

5.0 0400 f 0 010 0249 f oGO3 0.699 f 0 032 
15.0 105 l 0.06 0.975 f OfKI8 1.528 f 0 045 
25.0 10 *07 3.36 f 0.10 3.04 f 0 16 

/A =@500 

the straight lmes m Fig. 3 are given m Table VI. The errors reported are leb,t squares 
standard deviations. The values of kn were obtained by dividing the slopes by the 
values of K,, obtained from regression equation (12). The standard deviation of 
each k,, was obtained from equation (13) 

4.576 log Kr, = 17.72 - 9.32. (l/T). 109 (12) 

(13) 
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A least squares plot of log k,, versus I/T shown in Fig. 4 gave the values AH,: = 
11.5 f @5 kcal.mole-l and AS,: = -4.0 = 1.8 Cal. deg.-’ mole-l for reaction (3). 
The errors in k,,n do not make a similar plot for this rate constant worthwhile. 
Qualitatively It can be seen that the D,O effect on reactton (1) is in agreement with 
the effect found by Hudls and Dodson * 

DISCUSSION 

The first acid dissociation constant of Fe(H,O),S+ was less m D,O than m H20 
at the three temperatures and ionic strengths employed in this investigation. Thus at 
21*6’, in particular, it was found that KB/KD is approximately equal to l-7 instead 
of unity as reported by Hudis and Dodson.* Despite the fact that KH > KD, the 
enthalpy change in H,O seems to be somewhat larger than in D20. However, the 
difference is small so that it 1s uncertain. 

The differences between AH,: and AH,: and between ASH% and AS,: were much 
larger and seem to be outside of experlmental error. The D,O effect on AH: and 
AS: is much larger than that predlcted by Marcus’ equations” for an outer-sphere 
activated complex in which the Inner co-ordtnation shells of the reactant complexes 
are not shared and in which the inner shell solvent is dlelectrically saturated, whereas 
the solvent outside of the Inner shell is dlelectrically unsaturated. However, this 
result was to be expected m view of the small difference between the dtelectric constants 
of H,O and D,O and the conslderable effect of D,O on the rate constants as has 
already been noted. I1 What is more Important is the fact that D,O seems to increase 
AH: of the OH-tatalysed reactton more than It increases the AH: of the Cl-- 
catalysed reaction6 given In equation (14). The actlvatlon energy of the latter reaction 
in D205 was found to 

Fe*” + *FeCl*+ + FeCl*+ + *Fe?+ (14) 

be approximately 1.7 kcal. mole-l greater than the activation energy in H,O. However, 
the experimental error was sufficiently large so that this difference was not regarded 
as significant.6 If the mecharusm of the OH--catalysed reaction is H-atom transfer 
as compared to either Cl-atom transfer or outer-sphere activated complex mechanisms 
for reaction (14), then It would be expected that the former reaction would show the 
larger increase in actlvatlon energy in D,O. 

Johnston and Rapp’* have investigated the tunnelling effect in hydrogen atom 
transfer reactions of methyl radical with hydrocarbons and concluded that the 
tunnelling contrlbutlon was sigmficant. The end groups in the activated complex 
R,...H... R, were consldered to be so heavy that their contribution to tunnelling 
was negligible. These authors found that the ratio kH/kI) increased with decreasing 
temperature more than the ratio would have increased if the ratio had been dominated 
only by the difference In the R-H and R-D bond energies in the reactants. Further- 
more, a lower limit of 1.5 for the ratio kB/kr, is given in the high temperature limit. 
In the present work it was found that the ratio kH/kD could be as small as umty. If 
hydrogen atom transfer, with its accompanying contribution from tunnelling, In 
the activated complex [(H,O),Fe”(OH). . . H . . . (OH)Fe”‘(H,O),r+ is the 
most important mechanism for reactions (2) and (3), then it is apparent that 
isotope effects other than those considered by Johnston and Rapp must be con- 
tributing. Furthermore, if the dominant effect on the apparent AS3 in the D-for-H 
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substltutlon comes from the mass effect on the tunnellmg coefficient and If the tunnell- 
rng coefficient IS assumed to be independent of temperature over the small temperature 
range used, then it 1s to be expected that the apparent AS: would be larger for H,O 
for D,O. The opposite effect has been observed. 

A possible explanation of the AS: increase in D,O IS that water molecules are 
parttally or wholly freed from some or all of the hydration shells when the activated 
complex IS formed from the separated reactants This results In a posltlve contrl- 
bution to AS: even though the total AS: for the actlvatlon reaction is negative. 
Because the entropy of 1 molecule of liquid water is approxunately 1.5 cal. deg.-’ 
mole-’ greater for DeO(l) than for H,O(l),” each 1 mole of water wholly or partially 
freed m the activation reaction contributes towards a larger AS: in D30 than m H,O. 
If an OH--bridged activated complex is formed, at least one inner shell water mole- 
cule must be dtsplaced from the hydrated iron” Ion and perhaps other Iron-ligand 
water distances appreciably lengthened in order to accommodate the penetration of 
FeOH2+ with Its attached water molecules into the first co-ordmatlon shell of iron’* 
However, the low acttvatton energy of this electron-transfer reactlon rather seriously 
hrmts the number of Inner-shell water molecules which can be wholly or partially 
displaced. On the other hand, a hydrogen atom transfer does not require any of the 
Inner-lrgand water molecules to be wholly displaced. 

Qualitatively, the increase of AH: in D,O IS readily explained. If one assumes 
with Bigelelsen I4 that the 3 degrees of vibrational freedom of a water molecule 
essentially retam their identity in a hgand water molecule, then a hydrated metal Ion 
such as M(H,O), +2 has 33 vibrational degrees of freedom associated with hberatlon 
and with vibration of the water molecules as rigld groups and 18 internal degrees of 
vIbratIona freedom Inside the 6 hgand water molecules Each of these lrberatlonal 
and vIbratIona degrees of freedom has a smaller zero-pomt energy In M(Dz0)6+* 
than m M(H20)67+. If only a minor fraction ** of this zero-point energy difference 
had to be absorbed in forming the activated complex the increase of 3 kcal.mole-’ 
would be readily accounted for. 

The D,O effects reported In this paper, and which seem to be outslde of expen- 
mental error, point up an obvious danger in measunng the D,O effect on the rate 
constant alone wlthout an accompanymg investigation of the effect on AH: and 
AS: The ratio k,/kr, at room temperatures is very close to unity and had this ratio 
been measured at this temperature alone it would have been assumed that a D,O 
effect was absent 

Acknowk@nenrs-The authors wish to thank Professor A. C. Wahl for mterestmg and mformatlve 
dlscusslons and also Professor 2. 2. Hugus, Jr., for helpful adnce. This research was camed out 
wrth funds supplied by A.E C Contract No AT-(ll-1)-622. 

m--DIG Gle~chgewichtskonstante der Reaktlon Fe+ + 
D,O -+ FcOD*+ + D+ wurde bei der Ionenstivke 0,500 be1 5”. 15” 
und 25°C gemessen. Femer wurden AH = 9.32 -C 0,56 kcal/mol und 
AS = 17,7 f 2,0cal/grad_mol gefundcn. Die Geschwmdlgkaten der 
Elektronenaustauschreaktlonen Fe’+ + *Fe+ ‘-, Fe’+ f Fe*+ und 
Fe*+ +. l FeOD’+ + *Fe*+ + FeOD*+ wurden be1 der Ionenstarke 
0,500 bei 5”. IS” und 25’C gemessen Aktivrerungsenthalpre und 
entropie der l&ten Reaktlon wurden AI 11,5 k 0.5 kcal/mol und 
-4.0 f 1.8 cal/grad.mol gefunden. 
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Rkrnn&---La constantc d’equtftbre de la r&action Fe’+ t D,O * 
FeGD+* + D* a ete mesurkr a force romque 0,500 et aux temperatures 
5”, 15’ et 25°C Lcs valeurs AH et AS de cette reactton sent respecttve- 
mcnt 9.32 + 0.56 kcal . mole-* et 17,7 f 2,0 cal . deg -I mole-‘. Les 
vttesses d&change de l’electron dans Ies reacttons Fe*+ $ l Fe8+ * 
Fe*+ + *Fe*- et Fez+ -L *FeGD*+ e FeGD** + *Fe*+ ont et& 
mesurees a force tomquc 0,500 et aux temperatures S”, 1.5” et 25°C. 
L’enthalpte et i’entropre d’actwation de cette demttre reactton sont 
respecttvement 1 I ,5 f 0,5 kcal mole-r et -4,0 f 1,8cal deg.-t mole-t. 
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LEAD-DITHIZONE EQUILIBRIA IN WATER-CARBON 
TE’XACHLORIDE SYSTEMS* 

OWEN B. MA- and E. B. SANDELL 
school of Cbemistly. LJmvers1ty of Mmnesota. Minneapolis, Mum., U.S.A. 

(Receiued 19 June 1963. Accepted 7 Ocfobcr 1963) 

Sllmmuy--Equilibrium of the principal reactions involved in the 

extracttoa of lead dithizonate from aqueous solution with carbon 
tetracbloride (0) have been determined at /A = O-1 : 

I& = ~~~m~~+)’ = 5.6 * 0.3 
IPb*+lFW&* 

(5 8 f 0 6 at p = 0.3) 

p i Ipb(HW& = =ly. In CCL = 6rlO_’ = 2 x ,(,, 
FWDz),l soly m H,O 3 x 10-D 

K Fb’+lt~z-I* = 7 y 1O_,, 
d“s = FqHDz),] 

K,I = fPbzt][HDr-1’ = 2 x lo-“ 
iHPb%-l(aH-)’ = 7 x lo_*, 

[Pb*+] 

IpbCtt-] 
=54Xl(r 

[PbNO,-] 
[Pb’+][Ctt’-] [PV-][NO,-] = ’ ” 

The pH range for extractton of >99% of lead under analytical 
conditrons (citrate and cyamde present, low equthbrium concentration 
of dithtzone) is 7 S-11.5 Cyanide In the ~ncentrattons hkely to be 
used does aot signtticantly decrease the extraction of lead. Above 
pH 10 85, >99% of the excess dithirone IS extracted from the carbon 
tetrachlonde phase Into an equal voIume of aqueous phase A pH of 
10-S-10 9 IS recommended for determmatton of lead with a carbon 
tetrachloride solution of dtthtzone 
from this value causes bttle error 

A vanation of ea. --O 2 pH utnt 

DIMIZONE is a valuable reagent both for the separatton of lead and its spectrophoto- 
metric determination. Although dithtzone extraction methods for lead with carbon 
tetrachloride or chloroform as solvent have now been worked out quite satisfactorily, 
they rest on an empirical basis. Therefore, It seemed desirable to study a little more 
closely than heretofore the equilibria existmg m the system dlthtzone-water-carbon 
tetrachloride, with special reference to the factors beanng on the determination of lead. 

Reagents 
EXPERIMENTAL 

Wafer. Conducttvrty water was run through a 20 x SOO-mm column of Amberhte IR-120 ton- 
exchange resm. The content of heavy metals reactmg wrth dtthrzone at pH 8, as determined spectro- 
photometrically, at 520 q was equtvalent to 0 001 ppm of lead. No coloured substances were 
extracted by carbon tetrachlonde. Water thus punfied was lower III d&u.one-reactmg metals than 
water r&stilled in Pyrex apparatus (0 014 ppm of lead) 

Hydrochloric mid. A 7M solution obtamed by isothermal dtstillattoa at room temperature 
(polyethylene beaker) contained heavy metals equrvalent to 0 001 ppm of lead. 

l From the Ph.D. thesis of 0. B. Mathre. Uruverstty of Minnesota. 1956. 
7 Present address. E I. du Pont de Nemours and Co, Memphis, Tennessee, U S A. 
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N~rrrc ucrcl A redgent-qualny product contamed 0 008 ppm of lead and was used wIthout further 
purlficatlon after bollmg out oxJdes of nitrogen 

PP~C/I/LYIC ac~rl The 707; acid (reagent grade) available contamed only co. 0 001 ppm of lead 
Because perchlorlc acid sometImes contams substances ovldrsmg chthizone, the concentrated acid 
uas dtluted with wafer to IA4 and shaken for I week with a saturated carbon tetrachlorrde solution 
of dlthlzone The trace of dJthJzone was removed by extractJon with carbon tetrachlonde. 

Aq~ceaus ommonra A 9M solutJon obtained by Jsothermal dJstJllation contamed 0 001 ppm 
of lead A 12M solution prepared by absorbmg tank ammonJa m water contamed 0 0012 ppm of 
lead 

So&m hydroxJde Carbonate-free co 0 15M sodrum hydroxrde solutJon was prepared by passJng 
purltied sodrum perchlorate solution through a column of Amberhte IRA-410 resm Jn the hydroxide 
form and collectJng under nitrogen The heavy metal content of the solution was qmvalent to 
0 0008 ppm of lead 

Porassrum cyamde A product free from sulphlde and containing 0 008 ppm of heavy metals as 
lead was used wIthout purJficatlon. (Some reagent-quahty potassJum cyamde contained so much 
sulphlde that rt could not be used Jn the dJthizone deteJmJnation of lead.) 

Sodturn perchlorare A slight excess of perchlonc acid was added to sodJum carbonate so as to 
gJve a solution ca 0 001 M Jn acid ThJs was shaken for 2 days with dithizone tn carbon tetrachlorlde 
to remove substances oxJdJsJng dJtluzone The pH was adjusted to 8 and heavy metals were extracted 
with dlthrzone. A 6M sodium perchlorate solutJon contaIned 0 0045 ppm of heavy metals as lead. 

Sodrum crwure. After dJthJzone extraCtJon at pH 8, a 0 5M solution contained 0 003 ppm of lead 
Sodrum sulphrte (10%) and sodrum wrote (3M)solutJons purified in like manner contamed 0 0015 and 
0 002 ppm of metals equJvalent to lead. 

Lead mrrufe The salt was recrystallJsed several times from 0 01 M nitnc acid and vacuumdned 
over potassium hydroxide after grJndJng to a powder. DeteJmmatJon of lead grav~metrically gave 
the theoretIca value. 

Dlrhrzone Two g of Eastman dJthJzone were dJssolved Jn 150 ml of reagentquallty chloroform, 
Jnsoluble matenal was filtered off, and the filtrate was shaken with four 50-ml portions of ddute 
purJfied aqueous armnoma A small amount of sulphur dioxide was passed mto the combJned 
aqueous extracts and an extractJon was made with 25 ml of chloroform. which was dIscarded. Sulphur 
dJoxlde was passed Jnto the aqueous solution until aCJdlC and dithwne was extracted wJth four 30-d 
portions of chloroform whJch had been washed WJth 1:lOO aqueous ammonia just before use. The 
chloroform solution was filtered through a pledget of glass wool into a flask. An equal volume of 
carbon tetrachloride was added and nJtrogen was bubbled through the solution at 40”. When the 
volume had been reduced to 50 ml, the 1JquJd was cooled ia ice and ate& throu 

e&P 
sintered glass 

The solid dJthJzone as washed with a little carbon tctrachloride and vacuttm-dn over potassium 
hydroxide for 2 weeks. 

The drthlzone content of the product was determined by photometric titration wJth sdver. Ten- 
ml poJ%OJJs of cu 5 x 10-5M dJthJzone Jn carbon tetrachloride were shaken with lO_ml portlons of 
0 1 N sulphuric acid contaming varying amounts of silver (less than required for the StoichJometnc 
ratJo). A plot of the absorbance of the carbon tetrachloride at 620 m,u et the amount of sJlver 
gave a straJght hne whose Intersection with the silver ~JLJS indJcated the equivalence point. Two 
batches of dJthizone gave the followtng rcplJcate values (%) for active reagent: 

999 100.1 
99 8 99.8 

1002 99.8 
99 8 1002 

1001 

The molar absorptlvJtJes of dJthizone m carbon tetrachlondc (solutions prepared by wcighmg 
out sohd dJthJzone) at 25’. based on an average of 8 absorbance measurements of 0 25-l-26 x 
lo-‘M soluuons (standard devJatJons cu 1%). were found to be 

190 x l(r at 450mp 
469 x l(rat510~ 
3.17 x 10’ at 620 ~TIP 

and E,,&~ = 1.67. A Beckman DU spectrophotometer was used for these measurements Weber 
and Vouk’ report eILD = 2 14 x IO’, sItO = 3 64 x 10’ and E,,./Q,~ = l-70. 

Lead dirhizonate. The solJd was prepared Jn two ways: 
(1) A 0 01 y/, solution of dithizone Jn chloroform was shaken with an ammoniacal cyanide solutJon 

containing 95% of the theoretJca1 amount of lead required to react with the dithiine. The filtered 
chloroform phase was evaporated to small volume at 40” in the dark with a stream of punfied 
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nnrogen The suspenston of lead dnhrz#nate was coaled rn tee and the mtcrocrvsrallme lead drthr- 
zonate was collected on a smtered-glass filter The product was vacuum dried over potassrum 
hydroxide 

(2) Lead nitrate rn 0 OOlM perchlorrc acid was added slowly to an dqueous ammonrd-potdssrum 
cyamde-ammomum sulphrde mrxture of pH 10 5 which was IO-‘Xi m drthrzone The precrprtated 
lead drthtzonate was filtered off, washed with dilute aqueous ammonra. water, alcohol and chloroform, 
then vacuum&red over potassrum hydroxide 

Lead was determmed m the products by precrprtatron as the chromate after destroymg drthrzone 
wtth perchlorrc actd Drthizonate radical was determmed spectrophotometrrcally after revertmg 
a weighed amount of the solrd by shakmg the carbon tetrachlorrde soluuon wrth 0 1 Af hydrochlorrc 
acrd. As a check on the gravrmetrtc lead determmatron, a portron of the acrd was analysed for lead 
spectrophotometrrcally wrth drthtzone The analytrcal figures shown m Table I were obtained 

TABLE 1 

Pb, Drthrzonate Pb - dnhrzondle. “‘, Dnhrzonate 

% radical. a~ 0 
,O “, Pb 

28 9 (grav ) 
Preparation (I ) 28 9 (grav.) 99 5 Z-144 

28 7 70 7 

28 5 (grav ) 
Preparation (2) 28 3 69 9 98 55 2 458 

28 6 70 2 
Theoretical 28 87 71 I3 100 0 2 464 

The soltd lead dtthtzonate seems to be approxrmately 99”; pure If the remainder I> water (whrch 
IS not certain), tts amount IS not large enough to correspond to a hydrate 

The molar absorptrvtty of lead drthrzonate m carbon tetrachlorrde at 520 mrc, the wavelength 
of maxtmum absorptton, wasdetermined by three methods, each average being based on 20 absorbance 
measurements (Table 11). The standard devtatton IS a little less than 1 “i The concentratton of lead 
drthizonate ranged from 5 x 10-O to l-6 x IO-‘M; E was independent of the concentratron 

TABLE %--MOLAR ABSORPTIVITY OF LEAD DITHIZONATE IN CARBOh TEIRACHLORIDE 

AT 520 mp 

Method Fs2n 

(1) 

(2) 

(3) 

Known amounts of lead extracted with 0 005 O. 
dtthtzone from aqueous ammonia-cyanide-sulphrte 
buffer of pH 108 mto Ccl, 

66,200 : 500 

Solid lead dtthtzonate [Preparation (I)] drssolved In 
Ccl, and absorbance measured Lead drthrzonate 
dissoctated by shaking wtth dilute HCI and lead 
determined spcctrophotometrically by mono colour 
dithtzone method These values were checked by 
determination of dtthtzone in orrgmal Ccl, solutron 

66,300 i 600 

Absorbance of Ccl, solutrons of solid lead drthrzonate 
measured and lead determined by spectrophotometrrc 
titration with standard AgNO,, solutron 

66,600 i 500 

Tbe molar absorpttvtty-wavelength curve of lead dtthrzonate m carbon tetrachlorrde IS reproduced 
m Fig. 1. Weber and Voukr report cIID = 7 29 x’ 10’ and .seZo = 3 9 k IO5 for lead drthrzonate m 
carbon tetrachlonde. 

Carbon terrachloride. The reagent-grade product was treated wrth a few drops of bromine, 
allowed to stand 2 weeks, shaken with 10% sodium hydroxide, refluxed for 4 hr wrth the same 
solutton, washed free from alkah, refluxed wrth 10% aqueous hydroxylamme hydrochlorrde solution 
for 0 5 hr, washed withwater, dried with Drrerrte and finally drstrlled from calcrum oxide. The purdied 
product was stored m a refrigerator 
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X, mcL 

Fro. 1 -Molar absorptlvlty curves of lead dtthuonatc, Pb(HDz),, m carbon tctra- 
chloride, and pnmary dlthlzonate ion, HDz-, in 0 OIM sodium hydroxide. 

Dilute dtthtzone sohsions prepared from carbon tctrachlondc pun&d in this way show httk 
decomposition m 1 week. For example. a 1-29 x l~&~di~zo~ so&on kept in the dark at 23 f 3’ 
duxascdinstrcngthbyabout1~5%aftcr 1 weck,asshownbythedccrcascmabsorbanceat620~ 
(Table III). 

TABLE III 

rrme, dnys A bid A 110 A 8% 

0 0 256 :ZZ 0422 

: @256 0.258 0066 0.419 0.423 
I 0.259 0067 @416 

Used carbon tetrachlonde was reclauned by shaking wrth conctntrated su 
‘f 

huric acid, in portions 
one-tenth the volume of the carbon tctrachlortde, until the acid remained 00 ourkss; wash& with 
water and I % x&urn hydroxide; drying with D&rite and distilling from cab&m oxide. Carbon 
tctmchloride rcclauned five times was used to prepare a 199 x lO-*M dithizonc solution, wbicb 
after 10 days at room temperature m the dark gave a dccmsc of only cu. 1% in absorbana at 620 rnp_ 

AnalytmI-grade carbon tetrachloride whtch was not purifjcd gives unstable dithkone solutions. 
‘*~lysai” carbon tetrachlonde from two U.S. manufacturers gave cu. 5 x IO-% d&izone 
solutions whose absorbance at 62Omp dccrcasd 14 and 41*/, rmpectivcly after lOdays at room 
temperature in the dark. 

EQUILIBRIA IN THE LEAD-DITHIZONE-WATER-CARBON 
TETRACHLORIDE SYSTEM 

The equdibrium constant for the extraction reaction 

Pbe+ + 2H,Dz + Pb(HDz), $2H+ 
0 0 

(o = organic, r.e., carbon tetrachloride, phase) 
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is the extraction constant (at a specified ionic strength) 

K 
ex 

= [Pb(HDz)plo(aH+)S 
[Pbs+][HsDz]02 

(1) 

If the only lead species m the system are Pb2+ and [Pb(HDz)2]0, the extraction coefi- 

cienr, the ratio of concentrations of lead in the orgamc and aqueous phases, is given by 

E _ tPMHW,lo = K WWo2 - 
[Pba+] ex (aH+)2 

In practice, other lead species will be present in the aqueous phase, so that 

(2) 

(3) 

The equilibrium constants involving these species, relating their concentrations to 
[Pbe+], must then be known before E can be calculated as a function of [H*Dz]o and 
aH+. The possible presence of the following in the aqueous phase must be considered* 

1. Hydroxo-lead species [PbOH+, Pb(OH),, etc.], 

2. Dithizone-lead species [PbHDz+, Pb(HDz),], 

3. Lead complexes with anions (cyanide, citrate, erc.). 

The equilibrium constants for these species will be symbolised and defined as follows: 

k1 = 
[PbOH+](aH+) 

PW 
Wa) 

k2 = 
tWoW21W+)2 

P+l 
WO 

ks = 
[HPbOs-J(aH+) 

W+l 

&2= 
PW 

[Pbs+]V-1” ’ es 

X represents a singly (or doubly) charged complexing anion. The values of the 
constants hold for a specified ionic strength. 
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The total con~ntratlon of lead in the aqueous phase is 

Z:[Pb] = [Pb=+] + [PbOH+J + . . . [PbHDz-J + . . t [PbX+] + . . 

= [Pb”+J x (1 + --& t . . k&HDz-1 + . . . k&X-] + . ) (5) 

and [Pba+] = W”bl 

(I+&+ 
(6) 

. . . k,,[HDz-] + . . , k.JX-) -!- . . . ) 

Su~titution of (6) into (I) and ~~angement give 

E= 
L[H,Dzl,* 

(aH+)‘( 1 -t -& + . . . k,,[HDz-J t . . . k,,[X-) + , . _ ) 
(7) 

E ZC K,x[H,DzJi,* 

k, 
(aH+)* + k,(aH+) + kz + (a~+) -t k,,(aH+)*[HDz-f + . . . k,i(aH+)*[X-] + . . 

If 0 = onginal concentration of HaDz m carbon tetrachloride and phase volumes are 
7 x 10B(aH+)O 

aqua” IHaD& = 1 + 7 x l@(aH+)’ E should be independent of the lead concen- 

tration. It has been assumed that there JS no ~lymerisation of any lead or dithszone 
species in ather phase. Moreover, it has been assumed that no secondary lead 
dithizonate, PbDz, is formed. There IS no experimental evidence to the contrary. 

Except when otherwise noted, the constants reported in this paper refer to an 
ionic strength of @lM and a temperature of 25 f 1”. The following values for the 
hydrolysis constants of lead ion, calculated to p = 0.1, have been used: 

k, = 3 x lo-‘, k, = 3 x lO-‘s, k,=7x lo-“. 

The values of k, and ke are based on the constants reported by Garrett et al.* and that 
of ks is derived from the dithizone extractability of lead m alkaline solutions as 
discussed later. The following activity coefficients have been used for p = 0.1: 

YPb’+ = 0.37, YPbOA+ = 0.79, YnPbo,- = 0.80. 

As usually obtamed, solid lead dnhizonate has such a small particle size that it 
shows greater than normal solubility in carbon tetrachloride and even after shaking 
for 1 day its solubiity is slightly greater than the true value. The recrystallisation of 
the small crystals of lead dithizonate proceeds more rapidly in the presence of an 
aqueous phase. Therefore, most of the solubility dete~inations were made by 
shaking solid lead dithizonate with deoxygenated carbon tetrachloride and an acidic 
or basic aqueous phase. As onginally precipitated in most of these experiments, the 
lead dithizonate consisted of crystals 2-5 JJ in length which grew to larger dimensions 
(crystal length up to 30 ,u) on continued shaking. The rate of at~inment of solubility 
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TABLE ~v.E^‘UBILITy OF LEAD DITIUZONATE IN CARBON TETMCHLORIDE AT 25” 

Expt. No. Method 

Shakmg SolubMy, 
tm-=. A4 x l(r 
min 

I 

2 

3 

4 

9 

IO 

11 

12 

13 

10 mg of lead dlthlzonate (Preparauon (2)] shaken with 
150 ml of Ccl,. 
10 mg of lead dithuonatc shaken with 100 ml of CCI, 
and 50 ml of aqueous ammon~axyanidcaulphite buffer 
of pH 10.8. 
Aquaxts and Aid phases of (2) shaken with 100 ml of 
fKsh ccl,. 
somlof4uawsey -SF& (P&l;:; 
containing 0.004 mmok of 
H,Dz &ken with 100 ml of CCl,. 
Aqueous and sobd phares of (4) shaken with 100 ml of 
fresh ccl,. 
Asin(4)cxccptbu&ofpH93. 
Aqueous and solid phases of (6) shaken with 100 ml of 
flBll CCI,. 
SO ml of 0-M acetic acid-rcetnte buffer (pH S-7) 
con- O-004 mmok of Pb and O-02 mmok of HJBz 
shaken wtth 100 ml of CCI,. 
Aqueous and solid pbascs of (8) shaken witb 100 ml of 
frxsh ccl,. 
50 ml of 0-W afztic acid-acetate buffer @Ii 4.3) 
amtainingWSmmokofPbandW5tnmoleof 
dithii shaken with 100 ml of CCl,. 
Aqueous and solid phases of (1) shaken with 100 ml of 
fresh ccl,. 
so ml of 0-M pcrcMoric acid-percbloratc tnixture 
@H 3.05) containing 03 mmok of Pb and 0.05 mmok 
of dithizmc shaken with 100 ml of El,. 
Aquams and solid phases of (12) sbakcn witb 100 ml 
of fresh carbon tctrachloride. 

1380 603 

240 5 55 

75 5.65 

200 580 

65 5.65 

990 532 
60 5.15 

75 5.65 

45 5.70 

60 s-90 

45 5.70 

30 5 65 

50 5 75 

Avg. 5 7 f O-1 (4-l 
mg of Pb(HDz), or l-2 
mg of Pb per IJtrrp 

l The Crst value, 6-03 x 1t.V. has been omittai. 

FIO 2.-Solubility of lead ditbizotute in carbon tctmchloridc (cxpts. No. 6 and 7. 
T&k IV) at 25”. 
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equihbnum from supersaturation Increases as the pH decreases. Within experimental 
error, the same solubilities were obtained by approaching equihbrmm from super- 
saturation and undersaturation (Table IV). Fig. 2 illustrates the rate of attainment of 
equilibrium. Lead was determined spectrophotometrically as dithizonate at pH 10-8 
after suitable dilution of the saturated solution. 

Extraction constant of lead dithizonate 

KeX can be obtained from distribution determinations with aqueous solutions 
having a pH less than 4 so that the concentration of PbOH+ can be neglected ([PbOH+J/ 
[PbP+] < O-01 at aH+ = lo-‘). The concentration of Pb(HDz)s in the aqueous 
phase can be disregarded under these conditions, and there is no indication that 
PbHDz- need be taken into account. 

Carbon tetrachloride solutions of dithuone were shaken mechamcally for 15 min with ptrchloric 
acid-sodium perchlorate solutions of lead at 25 f 1”. The phases were separated by centnfugation. 
Ditiuzone was determined spectrophotometrically in the carbon tetrachloride 
measurement at 620 rnpc, corrected for Pb(HDz), 

hase by absorbance 
Lead was usually determm . Jinbothphaseswuh 

dithiaooe at pH IO.8 m the presence of nitrate and cyanide accordmg to the procedure described 
later. When E was <0*02, lead in the aqueous phase was obtained by difference. The pH of the 
aqueous phase was detennmed with a glass electrode (Beckman model G pH meter). 

The average of 17 values of K ex, over the pH range l-5+0, is 5.6 f O-3 (ca. 5% 
relative standard deviation) (Table V). Least squares treatment of the data gives the 

TABLE V.-EXTRACTION CXWSTANT (I&.) OF LEAD DI’THKONATE, WATEIKARBON TETRACHLORIDE 
(/A =Ol) 

PH IPb(HDzM, x 10’ [pb*+] x IO’ 

1 50 0 503 9 85 
l-92. 0 805 9 82 

2.39 0 783 96 7 242 0711 96 7 

f:Z 0 l-08 974 96 96 7 7 
2.77. 1 14 30 2 

2-80 1 67 71 5 2 82 O-98 14 0 
2.89’ 0 570 9 71 
3.02 1 13 9 79 
3 03 1 13 9 79 
3 08 1 33 9-77 
3 09 1 32 9 77 
3 72 0.72 0364 
3-92. I.05 1 10 
3-99 0401 0 080 

[H&l, x IO” K cx 

93 6 
465 :*: 

5.03 5 03 :*: 

441 4 61 62 6.25 
4 54 5.4 

3 23 5 22 ::; 
422 57 
441 54 
4 47 5-o 
4.00 59 
4.04 5.5 
3.52 5.8 
1.58 55 
3-08 5.5 

Avg. 56&03 

. CCI, phase murally 5 x lo-•M m lead duhrzonate (m addmon to dlrhmne) 

same value (Fig. 3). Five determinations of K cX at ~1 = O-3 yielded an average of 
5.8 f O-6. The largest source of error m the measurements is probably the pH 
determination. A deviation of 0.01 m the pH leads to a deviation of about 5% in Ker. 
Calculations from the Ieaddithizone-carbon tetrachloride data of Babko and 
Pilipenkos give a K ex of 8.9; the ionic strength and composition of their buffer 
solutions are not specrfied. Koroleff’ found K,, = 2.4 at pH 4-l-5.6 in acetate- 
containing solutions. 
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I I 

([&JH} 

2 3 

+2 
2 10 X10’ 

FIG 3.-Extractlon coetTicwnt of lead as a function of {[H*Dz],/aH+}* (p&= = -0 75, 
K.. = S-6). 

Partition coeflcient and water solubility of lead dithizonate 

The partition coefficient PWD%b 
P’b(HW,l 

= P, was determined by obtaining the 

extraction coefficient of lead at pH 3.68486 with the carbon tetrachlorlde phase 
saturated with dithizone and lead dithizonate. 

Twenty-five ml portions of carbon tetrachloride satumtal with dithizone (solid present) were 
shaken in a rutrogen atmosphere for 3 hr at 25 f 1” with 200 ml of sodium perchlorate-pzhloric 
acid solutions containing 0.65 
in both phases (5.7 f 0 2 X f 

pm of lead (r - 
1 

04). Lead Ivas deternlinad spactrophoto~lly 
-W in carbon tetrachloride). A IO-an absorption ceil was used in 

detenruning the lead in the’aqucous phase. 

The lead species that must be considered in the aqueous phase are Pb*+, PbHDz- 
and Pb(HDz),. From equation (7): 

; = Ke;;sx!bs (1 + kd=‘Z-I) + ; 

because k&aH+)s[HDz-]s/Kex[H,D&* = k . If the term (aH+)*kdlrHti-l can be 
LxlJ-LDzb* 

neglected, a plot of i 
(aH+)* 

E against [H,D&s should give a straight line of slope Kex. The 
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data obtained seem to fulfill this condition (FIN. 4). The course of 10 of the 11 pomts 
can be represented quite well by a line which has a slope of 5 9 (theoretlcal 5.6). 

The intercept of the lme is i = 5.0 x 104, or P = 2 x 103. 

The value of kdl has not been determmed, but it IS not hkely to exceed I x IO:. 
(aH-)2 

With this value of kdl the slope of the plot of k against - 
[H,DzL2 

would be 4.85, whtch 

FIQ. 4.-Reciprocal of extraction mc&icnt of lead dithizonate when carbon tetra- 
&&ride and aqueous phases arc saturated anth dithuoae and kad dAmonate 

@ = @l, 25”). 

differs su5ciently from the slope of the experimental line to make the value implausible. 
But even if bI = 1 x lo’, an aqueous solution at pH 4.85 saturated with lead 
dithizonatc and dithizone will be only cu. 1 x l(r’“Min PbHDz(and co. 5 x lWUM 
in lead ion) compared to cu. 3 x 1WM in lead dithizonate. Thus P would be in 
error by about S%, its true value then being 2-l x 101 instead of 2-O x l(Y as based 
on the assumption that all other lead species than Pb(HD& are present in negligible 
concentrations in this solution. Because of the very low lead concentration in the 
aqueous phase, the spectrophotometric error in its determination is large, and P may 
be in error by cu. 25%. 

From the solubility of lead dithixonate in carbon tetrachloridc (6 x IO-IM), the 
calculated solubility in water (saturated with carbon tetrachloride) is 3 x l(rM. 

The dissociation constant of lead dithixonate in water is given by the expressions 

[Ppl[HDtp _ PPWiDz)r 

[Pb(HD&] Kex 
* _ 2 x ‘@ x (1.4 x 1o-e)~ _ 7 x lo-16 - . 
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Kb and Pd are the primary ionisation constant and partttron coefficient of dithuone. 
Because the solubihty of lead dithlzonate in water (saturated with carbon tetrachloride) 
is 3 x W9, the solubdity product constant of lead dithlzonate in water is 

fPbH][HDz-P = 3 x Ws x 7 x IO-l6 = 2 = IO-“. 

Apparently the only other metal dithizonate whose dissociation constant and 
solubility product have been determined is primary copper” dithizonate (KdhS = 
2 x IO-=, KIP = 2 x loJ’).‘j The great difference between the values of KW for 
lead and copper (WIO) arises, as would be expected, from the much smaller dissocia- 
tion constant of copper dithizonate. It may be noted that the solubility product 
constants of lead and copper dithizonates are much larger than those of the sulphides 

(Ksp PbS = m-n, I(rp CuS = 10-y. 

Extraction of lead from alkaline solutions 

From weakly acidic and weakly basic aqueous solutions the extraction of lead is so 
complete with even a slight excess of dithizone that the distribution is hardly worth 
studying. Over a considerable pH range the extraction coefficient of lead is essentially 
equal to the partition coefficient of molecular lead dithizonate. If a 4 x 1e6M 
(OGOl% w/v) dithlzone solution in carbon tetrachloride is shaken with an equal 
volume of lead solution of such low concentration that the dithizone concentration is 
not significantly decreased by reaction with lead, the extraction coefficients may be 
calculated from equation (7) taking P as 2-O x 103 (Table VI). 

TABUVI 

PH E 

6 l-4 x l(r 
7 1.9 x l(r 
8 2-o x IW 
9 2-o x l(r 

10 2-o x 1oJ 
I1 17 x l(r 

From pH 7 to 10, E IS essentially the same as P. Above pH 11, the extraction coeffi- 
cient decreases rapidly because of the formation of biplumbite ion. Determination of 
the extraction coefficient in an alkaline solution allows the determination of the 
constant [HPbO,-J(aH+)a/[Pbs+] and a check of equation (7) above pH ~11. 

If lead species other than HPbO,- can be neglected in the aqueous phase, the 
extraction coefficient of lead becomes 

E _ UWHW,b = LD-WzbW-W - 
BP&--1 ks 

5.6 x (7 x 10B)s[HDz-]2(aH+)z 
= 

ka 
(because [H*Dzl, = 7 x W(aH+)[HDz-1) 
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A plot of log E against log {(aH+)s[HDz-]e} should gwe a straight hne havmg the 

intercept log 
2.7 x 1O’8 

ks ’ 

Carbon tetrachlonde solutions contamrung &lthwnc and lead dlthuonate (1 5 x 10-LM) were 
shaken under rutrogen with sodium hydromdo-sodium perchlorate solutions (from 0 01 lo 0 009M 
sodmm hydroxide, ,u = 0 1) at 25 f 1” for 5 min. The phases were separated by centrifugauon 
and the concmtratioa of HDz in the aqueous phase was determmed by absorbance measurements 
at 475 w (a,,, = 240 f 0.02 x l(r). Lead was determmed in the carbon tetrachlonde phase by 
shaking wltb an aqueous ammoniacyanide-sulphite mixtun of pH 10.8 (ADZ-] = 10-W) and 
measurin 
afterad JfY@ 

the absorbanoc at 520 m,u; it was determined similarly m an ahquot of the aqueous phase 
to @16M with hydrochloric acid The PH was determined with an alkaline-range 

electrode. The values of aH+ thus obtained agreed withm 0.02 with the values calculated from the 
sodium hydroxide conccntratioa and the activity coefficient yea = 0.76 

From Table VII and Fig. 4, it is seen that the assumption of the presence of 
HPbO*- as the only significant lead species in the pH range 11.9-12.8 is justified 

-I 0 I 

Log E 

FIO. 5.-Extraction of lead dithlEonate from basic solution (E as a function of rrOH- 
and [HDr-I). 

TAM.S VII.-bT&UXfON OF LEAD DITHIZONATE FROM ALKALINE SOLUTION 

No. of detns. PH 
K..($)’ x i x lo-‘* 

6 Il.88 268 -44.5 42kO3 
4 12.36 0 37 - 2 75 42kO4 

: 12 12 73 58 0 0 29 56 - - 2.9 0 75 42+03 4.2 
4 12 83 017 -089 4.3 0 1 f 

Avg. (0.17 - 44.5) 42iO3 
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The value of 

k 

3 

= WPbOp-lW+)3 

fPb’+] 

derived from these dtstributton determinations IS 7 x 1O-to. Because the factor 
7 x 108 may be in error by cu. 7% (1: IS), there may be an error of cu. 15% in ka 
from this source. The calculated value of (aHP~~-~aH~~~(aPb~) is 1.5 x IO-%, 
which agrees quite well with the value I.1 x IO-ss of Garrett and coworkers.* 

Exfraction of lead dlr~izon~te in the presence of cyanide and citrate 

From equation (7), usrng the complex constant 

P’W W-J 
[Pbe+](CN-Jr 

= 2 x iOr (Kolthoff and Linganeq)*, 

we calculate the followmg approximate values for the extraction coefficient of lead for 
systems in which the ortgmal carbon tetrachloride concentration of dithlzone is 
0.001 ‘$!O (4 x 10-5N) and OWO1 y0 (4 x lOaM) and the phases are equal in volume, 
m the presence of cyanide (OelM) and its absence (Table VIII). 

TABLE WI1 

E 
pH --_-_-_--- 

4 x lo-%fHtDz 4 x lO-WH,Dz 

No CN- O.lMCN- No CN- O~lMCN- 

10 2 x l(r 12x 1w 1.7 x l(r 29 
11 19xlcT 1.0 x l(r 2.9 x 10’ 20 
12 57 56 060 058 

It has been assumed that the amount of lead present is so small that the dithizone 
concentration is not altered by reaction, Even at the relatively high concentration of 
@lM, cyanide should hardly affect the extractability of lead if the original ditbizone 
concentration in the carbon tetrachloride is 4 x 10-6M and the phase volumes are the 
same or nearly so. However, if the original dithizone concentration is reduced 
ten-fold to 4 x 1odM (equivalent to reaction of 90% of the dithizone in a 4 x IOSM 
dithizone solution with lead), the effect of cyanide becomes marked. 

The negligible effect of co. 0-M cyanide on the extraction of lead at pH 12 was 
verified experimentally. The dis~bution of lead between aqueous solutions, which 
were O*OlM in sodium hydroxide and 0*09M in potassium cyanide, and carbon 
tctrachlorido-dithizone solutions (lO-Wo-‘M) was determined as described under 
the extraction of lead from alkaline solutions. The dist~bution was unaiTected by the 

l The value of the constant, derived from the half-wave potential of lead in 1Mpotassium cyanide 
I approximate and tentative because of the question of the rewxsibility of the electrwcduction. 
It seems likeIy that the constant does not arcad 1 X lP1 (at p = O=l), for then, antmy to the 
cxpcrimcntal findmg, cyamde would affect the extraction of lead at pH 12. 
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cyanide. Calculation of 

K,, x (7 x 108)* P’WWlo 
k, 

= [Hpb0,_l[HDz-lyaH+)3 ) gave the value 4.2 X lo@, 

the same as the average obtamed in the absence of cyanide (Table VII). This agree- 
ment also indicates the absence of significant amounts of sulphide in the cyamde used. 

The effect of citrate on the extraction of lead dlthizonate up to a pH of approxl- 
mately 8 is in accord with the formation of the complex ion PbCit.-. Kety’ has already 
shown that this ion forms in approximately neutral solution (pH 6.95-7.45) and his 

FIG 6 -Extraction of lead dlthzcmate and dithizone from sodrum perchlorate solutton 
The sohd curves are the calculated curves for the extractlon of lead (0 0625 mg in 25 ml 
aqueous solution, p = 0 1) with 25 ml of 0 001 ‘A (w/v) dlthizone m carbon tetra- 
chlonde (A), and wth 25 ml of OQO2% (w/v) dlthwme (B) The cwcles represent ex- 

perimental values The extractlon curve for dlthlzone ( IDz) IS calculated 

potentiometric data (corrected for incomplete dlssoclatlon of lead nitrate In his 
reference solution) give the value l-7 x lO_ for the constant ([Pbs+][Clt3-]}/lPbCIt-1. 
Below a pH of 7.5 the formation of this complex impedes the extraction of lead 
dittionate (cJ Figs. 6 and 7) even when the concentration of dithizone IS fairly high 
(OXKU%) and the complex constant can thus be easily determined. Forty extractlon 
coefficients determined in the pH range 4 to 6.8 lead to the value 1.85 x lOa for the 
dissociation constant (or 5.4 X 105 for [PbCit-]/{[Pb2+][Clt3-I}) at p = 0.1. The 
extractability of lead as a function of the citrate concentration was not studled 
systematically above pH 7.5, but it was observed that under analytlcal conditions the 
extraction of lead IS as complete in the presence of citrate (O.OlM) as m its absence 
(Figs. 6 and 7). There is considerable disagreement concerning the composttion of the 
lead citrate complexes. According to Tikhonov,l” Pb(CbHS0J2*- is formed at pH 6-8 
and PbOH(C,H,O,)+ at pH 9-13. The formation of Pb(C,H,O,),& in approximately 
neutral solutions is not supported by the lead extraction data. 

Vouk and Weber” studied the extraction of lead dithizonate at pH 5-l 1 in the 
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presence of citrate and cyarude with more dilute duhlzone solutions than used in the 
present work. Decreasing extraction of lead from cu. O-1 M citrate solution was noted 
above a pH of about 8. (These authors obtained low and mconstant values for K,, 
because they did not take into account the concentration of the lead citrate and 
cyanide complexes in the aqueous phase when formulating the expression for Kex.) 

I I 

5 7 9 II 

PH 
FIG. P.-ExtractIon of kad dithixonate from sodtum citrate-potassium cyanldc solu- 
tions The solid curves are those calculated for the extraction of kad (0 0625 mg In 
25 ml of aqueous solution, 0 OIM in sodrum citrate and 0.OW III potassnun cyamde. 
p - 0.1) wrlth 25 ml of 0401% (w/v) drthuone in carbon tctrachlori& (A). and W&I 
25 ml of O-002% (w/v) dithizone (B). The circles rcpraent experimental values 

A few runs were made in the present work to test the effect of nitrate on the lead 
extraction. From 4 determinations of the extraction coe5cient of lead at pH 3-O-3.5, 
with [NO,-] = 0.08 and p = 0.1, the average value 0.11 was obtained for [Pbs+] x 
[NO,-]/[PbNOs+]. Under analytical conditions the effect of nitrate is negligible. 

ANALYTICAL CONSIDERATIONS 

The spectrophotometric determination of trace amounts of lead usually involves 
two steps: first, the isolation and separation of lead by dithizone extraction from a 
basic citrate-cyanide solution, followed by the transfer of the lead to aqueous solution 
by shaking the carbon tetrachloride (or chloroform) phase with dilute acid; second, 
the determination proper, in which the aqueous phase is brought to a fixed, appropriate 
pH and lead is extracted with a standard dithizone solution and the absorbance of the 
organic phase is measured at a suitable wavelength. The final extraction is also made 
from a citrate-cyanide medium so that any small amounts of metals escaping separa- 
tion in the fust step will be inactivated. Sometimes sulphite is added to the aqueous 
solution to provide a reducing environment and lessen the possibility of oxidation of 
dithizone. Detailed directions for the procedure are availablg and will not be 
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repeated here We shall examine the effect of some factors m the procedure on the 
basis of the eqmhbria whtch have been discussed in a general way, beginning with the 
determination of lead after separation. 

Determinarron of lead 

The use of a carbon tetrachloride solution of dithizone allows spectrophotometrtc 
determination of lead by a mono colour method at a pH of approximately 11. At and 
near this pH, lead is virtually completely extracted into the carbon tetrachlortde 
phase with a relattvely slight excess of dithizone, whereas the latter is almost completely 
transferred to the aqueous phase. Other factors being the same, such a method for 
lead will be preferred to one in which some of the excess dithizone remains in the 
immiscible organic solvent, because the latter method will require a closer control of 
the pH and the concentratton of the standard dithizone solution. 

The theorettcal extraction curves of lead-which are also the actual extractron 
curves-as a function of the pH are shown in Figs. 6 and 7, the former for a per- 
chlorate solutton, the latter for a citrate-cyanide solution. With equal volumes of 
aqueous and carbon tetrachloride phases initially containing, respectively, 25 ppm 
of lead (l-2 x IO-~&f) and 10 ppm (w[v) dithizone (4 x 10bM), the calculated pH 
range for virtually complete (ca. 99%) lead extraction from O*OlM sodium citrate 
-0.02M potassmm cyamde is 75-l 15. The experimental and calculated values agree 
very well. The mmimum pH for removal of 99% of the excess dithizone from the 
carbon tetrachlorrde phase rs, from the relation 

[HDz-] 1.4 x 10-g 

[H,Dzl,= aH+ ’ 

equal to 10-85. The pH range for a mono colour method with carbon tetrachloride as 
solvent is accordingly approximately 10.8-l 1.5. In practice one may aim for a pH of 
lo&-10.9 to keep safely away from the sharp drop in extractability occurring above 
pH 115. The molar absorptivity of dithizone in carbon tetrachloride is only about 
O-07 of that of lead dithizonate at 520 mp, so that if a few per cent of the excess dithizone 
remains in the carbon tetrachloride little error results. The error incurred by a 0*2 
unit departure from pH IO.8 can almost always be disregarded. Even if the standard 
curve is estabhshed at pH 10.6 and the determination is made at pH 11.0 with O*OOI % 
dithizone, the error would be difficult to detect co. 1% for 5 pg of lead and less for 
larger amounts of lead. 

Because of the limited solubility of lead dithixonate in carbon tetracbloride, the 
amount of lead in the sample solution should preferably be such that the concentration 
of lead does not exceed I.2 ,ug/ml in the carbon tetrachloride phase. Supersaturated 
solutions of twtce, or even thrice, this concentration are, however, sufficiently stable 
to allow their use in the s~trophotome~c lead determination. Because a carbon 
tetrachloride solution of lead dithizonate corresponding to 1 ,ug of iead/ml shows an 
absorbance of 0.32 at 520 rnp in a l-cm cell, the concentration limit imposed by 
solubthty does not limit the precision. 

The accuracy attainable in the s~ophotom~c determination of lead according 
to the recommended procedurels outlined is illustrated in Fig. 8. The accuracy of the 
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reversion method (Irving and ButleP) is also represented. The two methods appear to 
be of comparable accuracy. By the use of a I&cm cell (25 ml of carbon tetrachloride 
phase), 1 pg of lead can usually be determined to within 2%. With 5 pug of lead m 10 
ml of carbon tetrachloride, the same accuracy is attainable m a l-cm cell. By reducing 
the dithiione volume to 5 ml, similar accuracy should be attainable with 2-3 pg of lead 

Carbon tetrachlorids is superior to chloroform as a solvent in a mono colour 

3 -0 

(1 
0 

0 cl 0 
0 

. . 0 0 
0 

20 
, 

-3 - 

0 
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5 IO IS 20 2s 30 35 

% PP 

Fro. 8.-Accuracy of determination of lead by mono-colour dlthlzone method: 
O-10 ml of aqueous phase, pH 10.8; 10 ml of 0401% dlthtzone m Ccl,; l-an : il, 
=Ow; 
$i&ti;f aqueous phase, pH 10 8, 25 ml of 0 001% dlthizone m Ccl,; MI-cm 

a-kvcrsik~ method: 10 of ml aqueous phase, pH 10 8; 25 ml of 04lOl% dithiine; 
wezted with 10 ml of 0*16M HNO,; lcm cell (W-cm cell below 8 pg of Pb), 620 v. 

method for lead, because the pH required to transfer 99% of the dithixone from 
chloroform into an equal volume of aqueous phase is cu. 125, which is in the range 
where biplumbite is formed to a considerable extent and cu. 10% of the lead is 
unextracted when a 04Xll oh dithizone solution is used. 

Separation of lead 

The separatory extraction with dithizone in carbon tetrachloride is usually carried 
out at pH 9-95 from an aqueous solution approximately 0.51U in citrate and 0*21&i m 
cyanide. For a rough calculation of the lead extraction coefficient under these 
conditions we will use the equilibrium constants valid for an ionic strength of O-1 and 
assume that PbCit- is the principal lead citrate species at pH 9. If the phases are 
qua1 in volume and the original concentration of dithizone in the carbon tetrachloride 
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is 040S~0 (2 x IO-PM), the extractton coefficient IS 

E= 

343 x 10-s 
10-‘8 + 3 x 10-x6 + 3 x lo-l8 + 7 x 1O-a -?- I.9 x IO-“’ A- 3 x IO-l3 + 8 x IO-l3 

Pb” PbOH+ Pb(OH), HPbO,- Pb(HDz), (PbCtt-) (PbCN),‘- 

= 1.9 103 

(The amount of lead present IS taken to be so small that the concentration of drthltone 
1s not signt~cantly decreased.) The greater part of the lead in the aqueous phase IS 
present as Pb(HDz),, so that the extraction coefficient is almost the same as the 
part&on coefficient of lead d~th~zonate. Even when, as in practice, the volume of the 
carbon tetrachlorlde phase is l/S-l/10 that of the aqueous phase, the recovery of lead 
should be satisfactory. Besides, a second extraction with a fresh portion of dlthlzone 
is always made so that there seems to be little hkelihood of significant lead loss in the 
separation step, bamng the formation of precipitates, such as calcrum phosphate, 
which can carry down lead. A similar calculation for pH 10 gives E = 1-O x 103, the 
lower value bemg from a smaller fraction of the cyanide being present as HCN at this 
pH. Because the dtthzone extraction constants and the cyanide complex constants of 
a considerable number of metals are known, the extent of extraction of foreign metals 
from a cyanide medrum can be catculated approximately when requmd. 

The effect of sulphrde, which appears to be a not uncommon lmpurlty in alkah 
cyanides, on the extraction of lead cannot be precisely predicted because of incomplete 
knowledge of the Pb2+- HS--Sa- system. However, on the assumption that Pb2+ 
is removed only as PbS, tt can be demonstrated that very low con~ntratlons of 
sulphide can have a serious effect on the dithizone extraction of lead. Takmg Ksp of 
PbS as IO-=, we obtain the following expression for the #n~ntration of lead dlthrzon- 
ate in the carbon tetrachloride phase at pH 9 when solid lead sulphlde is formed 

IWHD&lc, = 
(WPbl - Wf9 f &WW- - C[S])rm + 4 x 5.6 x 10-5[H~D~]~)“z 

2 

where X[PbJ = [Pb(HDz)& + ,qqpbs the latter term being the quantity of lead 
sulphide in moles obtained from 1 litre of aqueous lead solution, lead species m the 
aqueous phase being considered negligible in concentration compared to lead m the 
carbon tetrachloride phase; and Z[S] = [HS-] + hs (at pH 9, [S-l = IWfHS-1). 
IC[Pb] and X[S] are thus the initial molar concentrations of lead and sulphide 
(including HS-) in the aqueous phase. Th! two phases are assumed to have the same 
volume. For example, if the initial dithizone concentration in carbon tctrachloride IS 
24 x JOAM, C[Pb] = 1-O x 10-W and Z[S] = 6 x lO_? (corresponding to 19 pg 
XS per htre), [Pb(HDz)& at pH 9 is calculated to be 8.4 x W’Minstead of I.0 x lad 
in the absence of suiphide. This illustration is given merely to show the possibility of 
serious interference by small amounts of sulphide. As long as the concentration of 
PW in the aqueous phase, in equr~b~um with lead ditbizonatc in the carbon tetra- 
chloride phase, is not great enough to cause the solubility product of lead sulphide to 
be exceeded, sulphide should have no eff’cct on the extraction, provided other Iead- 
sulphide species do not exist in the aqueous pbasc. But to assume that this is true 
would be naive. 
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&hrtou/ed@rrenr-We are grateful to the PrrXior knd Gamble Company for provtdmg a summer 
fellowshtp for one of us (0 B M ) m 1955 

Zusammenfassung-Dte Gletchgewtchtskonstanten der wtchttgsten 
Reakttonen beg der Extraktton von Bletdtthtzonat aus wanrtger LOSUng 
mtt Tetrachlorkohlenstoff (0) wurden bet 18 z= 0.1 gemessen 

K 
[Pb(HDz),l,(aH‘)* 

.?I y 
[Pb*T][HrDz]O’ 

=z 5,6 = 0,3 (5.8 = 0 6 be1 11 = 0.3) 

p _ [Pb(HDz),], = Lbsltchkett in CCI, _ 6 IO-’ = z ,@ -- 
D’bWDz),l Loshchkett m H?O 3 IO-’ 

K 
Pb’Tl[HDz-Y _ , ,o_,e 

“” = [Pb(HDz),] 

K bp [Pb’-][HDz ]* = 2 IO-*’ 
[HPbOl-](aH-)J , lo lS 

[Pb’-] 

[PbCtt-] 
[Pb”-][C,tt-] = 5’4 lo5 

[PbNO;] 
(PbL-](NG,-] -= “I ’ 

Der p&eretch fur Extraktton von uber 99 O/b Blet unter analytrschen 
Bedmgungen (m Gegenwart von Cnrat und Cyanrd bei germger 
Gletchgewtchtskonzentratton von Dtthtzon) 1st 7.5-l I.5 Cyamd In 
den ubltchen Konzentrationen beemtrachttgt dte Extraktton von Blet 
nicht wesentltch. uber pa IO,85 werden uber 99“, des uberschussrgen 
Dtthtzons von der organtschen m das gletche Volumen waDrtger Phase 
extrahtert Em pa von 10,8-10.9 wrrd fur dre Besttmmung von 
Blet mrt einer Losung von Dtthtzon m TetrachlorhohlenstofTempfohlen 
Anderung urn etwa 0,2 pn-Emhetten brtngt kemen groRen Fehler 

Rhmk-I_es constantes d’equthbre des reacttons prmcrpales muses en 
]eu dans l’extractton du dtthtzonate de plomb de soluttons aqueuses 
parle M-achlorure de carbone (0) ont Cte dttermmees a ,u = 0,l 

Kcx = PMHDzMdaH+Y 
[Pb++][H,DG,‘] 

= 5,6 = 0,3 (5,8 & 0,6 a p = 0,3) 

p = [Pb(HDz),], = solubtltte dans Ccl, = E = 2 x l(r 

PbWW,l solubthte dans H,O 3 , IO-@ 

K 
IPb’+lWDz-I* = 7 , lo_‘” 

di“ = [Pb(HDz),] 

KS, = [pb--][HDz-]” = 2 x IO-” 

[PbCn-I 
(Pb++][C,t’] = 5*4 ’ lo” 

[HPb02-l(aH+Y = , x lo_*, 
W--l 

[PbNO,+] 
[Pb-+][NO,-] = “” 

Le domame de pH pour l’extractron de 99% du plomb dans des 
condtttons analyttques (citrate et cyanure presents. fatble concentratron 
de dtthizone a l’bqurhbre) est 7,5-11,5 Le cyanure aux concentra- 
trons oti 11 a Cte uttlrst ne dtmutue pas d’une man&e tmportante 
l’extractron du plomb Au dessus de pH 10.85, 99% de la drthtzone 
en exds est extrarte du tttrachlorure de carbone par un Cgal volume 
d’eau. Un pH de 10,8-10.9 est recommandd pour la determmatton 
du plomb avec une solution de dtthrzone darts le tetrachlorure de 
carbone. Une variation de 0.2 unite de pH de cette valeur ne cause 
qu’une Kg&e emur. 
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Stunmary-Nltrtte at a concentration of approximately 6 ) 10~‘M in 
0.OSM sulphuric acid can be titrated amperometrically at a rotating 
platmum micro-anode with sulphamlc acid or cerlumIv eon Results 
with sulphamic acid are free from bias and have a standard devlatlon 
of about 1%. Titration with cerlumIv IS less precise, giving results 
that are high or low accordmg to the method used for end-pomt 
location, but is apphcable to lower nitrite concentrations than IS 
titration with sulphamic aad. 

STOCK and BJORK~ found that low concentrations of mtrlte m acid media can be 
titrated amperometrically with potassium permanganate solution at a rotating platl- 
num micro-anode. This titrant is not electroactive at potentlais from $1.05 to 
+l*lO V with reference to a saturated calomel electrode (S.C.E.), but nitrlte under 
these conditions yields an oxidation limiting current that is proportional to the 
concentration of nitrite.% A titration curve of “L” type is therefore obtained. The 
present work concerns the application of sulphamic acid and cerlumI” ion as alter- 
natives to permanganate in the titration of nitrite by this method. 

Hirozawa and Brasteds have demonstrated that amperometrlc tltratlon with 
sodium nitrite solution at a dropping mercury cathode permits the determination of 
sulphamic acid in concentrations from 4 x lo-” to 5 x 10-3M. These workers used 
a hydrochloric acid-potassium chloride supporting solution that contained a low 
concentration of uranyl ion. In the presence of this ion, nitrite gives a well-defined 
reduction wave; the limiting current measured at a potential of - 1.2 V LX S.C.E. is 
proportional to the concentration of nitrite. Sulphamic acid is not reduced under 
these conditions, so that the titration curve is of “reversed-L” form. 

Kolthoff, Harris, and Matsuyama” discovered that the simultaneous reduction 
of uranyl ion catalyses the reduction of nitrate ion at a dropping mercury electrode. 
Keilin and Otvoss found that nitrite in acid solution yields the same reduction wave 
as nitrate in the presence of uranyl ion. Any appreciable concentration of nitrate 
that is introduced into the supporting solution used for the amperometric titration 
of sulphamic acid by Hirozawa and Brasted’s method therefore gives a high back- 
ground current and hence poor end-point discrunination. Hirozawa and Brasted 
found that the presence of nitrate in the titrant solution gives a positive slope to the 
precquivalence portion of the titration curve and causes low results. The error is 
tolerable only if the nitrate : nitrite molar ratio does not exceed 2 : 100. Interference 
is, of course, caused by phosphate and other substances that precipitate uranyl 

l Taken largely from the the&s submitted by Robert Gesler BJork m partial fulfilment of the 
requirements for the MS. degree. 
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ion. Because the presence of uranyl ion IS not requrred when changes in the concentra- 
tion of nitrite are measured in terms of its oxidation hmiting current, tt should be 
possible to perform nitrite-sulphamic acid titrations at a rotating platinum anode 
without interference by nitrate or phosphate. 

EXPERIMENTAL 
Apparatus 

Amperometrrc rlrrarmn assembly Tttratrons were performed III a KtO-ml tall-form beaker. This 
was closed wtth a cover that carried the nttrogen dtspersal tube and thepmctton tube that accommo- 
dated the salt bridge of a large saturated calomel electrode. Holes in the cover were provtded for the 
msertton of the rotatmg platmum electrode and theJet of the Gllmont l-ml microburette; these holes 
were large enough to allow free escape of nitrogen. Except when current readmgs were taken, the 
solution m the beaker was stirred at a steady rate. of about 200 ‘pm by means of a small glass-covered 
magnetrc sttrrer bar. 

Rotated at 600 ‘pm by a Sargent Synchronous Rotator, the platinum wire micro electrode gave 
an average current of 14 8 PA m 2 x 10dM nitrite m deoxygenated 0*05&f sulphunc acid, when 
mamtained at a potential of + 1.05 V us. S.C.E. The actual sensitivity was poorly reproducible and 
senstttve to electrode pretreatment However, changes m sensitivity that occurred from run to run 
dtd not affect the hneanty of the current-to-rutrite concentration relationship within a given run 
The electrical equtpment was stmtlar to that used prevtously,~ a shunt-eq;t@&nnbndge Spot 
galvanometer of maxtmum senstttvtty 170 mm per ,uA was used to measure 

Reqgenrs 
Sodrum mtnte solution: Prepare an approximately 0 1M solution and standardise against per- 

manganate solutton by thtosulphate titratton of iodine hberated by the excess of pumanganate.’ 
This method was used to permtt the dtrect comparison of the results of the present work with those 
obtamed m the amperometnc titratton of nitnte with permanganate.’ 

Standard (approximately 0 1M) sulphamic acid solution: Prepare by the direct weighing of the 
recrystallised and dned analytrcal-grade reagent.” 

CerrumtV amnofdum sufphare solutron * Prepare an approximately 0 1M solution in 3 % (v/v) 
sulphuric actd and standardrse agamst arsemous oxide a 

Osmrum catalyst solution Prepare approxtmately @OlM osmium tetroxide in O*OSM sulphunc 
actd. 

An&c ooltammetry of sulphanm aced 
The current-voltage curve of 1 x lo-*M suiphatmc and m O*OSM sulphurtc aad at a rotatmg 

platinum anode was found to be essenttahy the same as that of O.OSM sulphuric acid alone. 

Pretreatment of the platmum electrode 
Store the platmum electrode m approxrmately 10Mrutnc acid. Before use, rotate in deoxygenated 

0 1M perchloric acid and mamtam at zero potenttal (Le., short-circutt to the S.C.E.) until the current 
becomes very small ’ &me well and prepolarise for 10 min at the chosen potential in a solution of 
composmon simrlar to that to be tttrated 

Titratron of mrrite with sulphamic acid 
Place 50 ml of 0+05M sulphurtc acid in the titration apparatus and deoxygenate with a stream 

of mtrogen, this step Improves the precision of the tttration. Stop the gas stream and introduce the 
nitrite soluuon from a mtcroburette until the concentration is about 5 x 10dM. Titrate immediately 
wtth small increments of 0 1 M sulphamtc actd at a potenttal of + 1.05 V us. S.C.E. (or at +l*lO V tf 
the nitnte concentration IS greater than about 6 x 10-W). Take current readings 15-20 set after 
each truant addition Temporartly Increase the interval to about 40 set when near the end-point 

Titration of nitrite wrth cerrufl ron 
ProaA as described for the tttration mth sulphamic acid. but add 3 drops of osmium catalyst 

before tttrating mth 0 1 M cerium*v solution 

RESULTS AND DISCUSSION 

Titration with sulphamic acid 

Well-defined linear L-shaped titration curves were obtained at nitrite concen- 
trations that were not less than 6 x IO-‘M. The descending arm of the curve became 
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very slightly bowed when the nit+ coqcentration was lowered to 4 x lOAM. 
This malformation increased as the initial nitrite cotlcentratiori was lowered further, 
and became excessive when the titration of 1 x IO-PM of nitrite wds attempted. 
Results for sets of six replicate titrations of nitrite are given in Table 1. In the con- 
centration range 6 x Iv to 1 x 1tIF3M of nitrite, the standard deviations are a 
little larger than those obtained with permanganate as the titrant.l Permanganate, 
but not sulphamic acid, can be used to titrate nitrite at a concentration as small 
as 5 x 10e5M. These effects are almost certainly caused by differing speeds of 
reaction; the titration of a given concentration of nitrite can be performed con- 
siderably more rapidly with permanganate than with sulphamic acid. 

TABLE I.-TITILWON WITH 0+995M SULPHMUC ACID 

Nltnte in 50 ml of 0 OSM sulphunc acid SIX tltratlons at each 
concentration of mtnte. 

Nltnte 
concn., x I(rM 

Potential, Average Standard 
V error, ‘4 denation, % 

10-00 +I 10 00 0.9 
8.00 +I*10 00 

2 +1*5 +1.05 -25 00 A*: 24 

Low results, obtained when permanganate is the titrant and attributed to the 
instability of nitrite in acid solution,’ were generally absent in titrations with sulphamic 
acid. The absence of biis in most of the results given in Table I probably arlses 
from the fortunate compensation of the negative error through loss of nitrous acid 
by positive errors arising from the non-stoichiometry of the reaction 

HNOs + H,NSO,H -t H,S04 + N, + H,O 

and the effects of the oxides of nitrogen that are produced in side reactlons.1° 
The titration of 1 x IO+%4 nitrite in 0*05M sulphuric acid-O*lM potassium 

nitrate or 0.05M sulphuric acid-0.W phosphoric acid gave results that were wlthin 
one standard deviation of those given in Table I. There is thus no evidence of inter- 
ference by massive amounts of nitrate or phosphate ion. 

Titration with ceriumIv ion 

The titrations were all performed at a potential of + l-05 V us. S.C.E. The results 
exhibited somewhat larger standard deviations than those obtained in the titration 
of nitrite with permanganate or sulphamic acid. As indicated in Fig. 1, the excess 
Want line (which is horizontal in titrations with permanganate or sulphamic acid) 
has a definite negative slope. An inspection of the current-voltage curves at a rotating 
platinum ekctrode of the cerium’v-ceriumlll couple in sulphuric acid medium” 
suggests this type of hehaviour. Positive errors were obtained when the end-point 
was located by the usual extrapolation of the linear portions of the branches of the 
titration curve (construction A). An alternative method of location (construction B) 
shown in Fig. 1 is to produce the descending branch of the titration curve to cut the 
residual current line (i.e., the horizontal line drawn through the current reading 
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0 0.5 I-O IS 
TITRANT, ml 

FIG 1 -Tltratlon of 50 ml of 6 00 x lo-*M nitnte wnh 0 0820M ccnumxV 
The arrow mdxates the stotchlometnc end-pmnt 

R IS the residual current lme 

TABLE 11 --TITRATION WITH 0.820M CERIUMm 

NItrIte in 50 ml of 0 OSM sulphunc acid Apphed potential, + 1 05 V us S C.E. SIX titrations at 
each concentration of mtnte 

NItrIte 
concn , y 10’M 

__--~- 
600 
400 
200 
1000 
8.00 
600 
400 

Construction A Constructton B 
_-------__ _____- -~---- 

Average Standard Average Standard 
error, y0 devlatlon, ‘4 error. o/o devlatlon, % 

-14 14 -19 24 
-02 08 -26 3.1 
729 26 -25 3.0 
-08 52 -33 2.4 
-26 25 -09 I.9 
-55 24 -04 2.7 
-57 50 -52 41 

obtained in the absence of both nitrIte and tltrant). The two constructions give 
results that are comparable in over-all precision and accuracy (Table II). However, 
neither set of results is free from bias; the over-all average errors for 42 titrations 
of nitrite in the concentratron range 4 x 1O-5 to 6 x 1WM were +2*7 and -2.4% 
for constructions A and B, respectively. 

From the practical point of view, the negative bias of the results obtained by use 
of construction B is in line with the known instability of nitrite in acid solution. 
Readings beyond the end-point are not utdised, so that the determination is expedited. 
However, the residual current must be frequently checked. 

Ac&nowlec&menr-This work was carned out wth the partial support of the U.S Atomic Energy 
Commission 
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ZusammenfPosung-Nttrtt kann In emer Konzentratton urn 6 lo-‘ rn 
m 0,OS m Schwefelsaure amperometrisch an cmer rotierenden Platm- 
mtkroanode mu Amrdosulfonsaure odcr Cer(IV) tttriert werden. Dte 
Ergebnisse mtt Amtdosulfonsaure smd fret von systematrschen 
Abweichungen und haben eme Standardabwetchung von etwa 1% 
Dte Tttratron mu Ctr(IV) 1st wentger genau, gibt Je nach der Endpunkts- 
besttmmung zu hohe oder zu medrtge Ergebmsse, aber sic ist be1 
medrtgeren Nttrttkonzentrationen anwendbar als dte Tttratton mit 
Amtdosulfonsaure. 
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R&nun&On peut tttrer amp6romCtrrquement ks nnrttes, a une 
concentratton d’environ 6 x lo-’ M, en actde sulfurtque 0.05 M, 
avec l’acrde sulfamtque ou l’ton drium (lV), au moyen dune mtcro- 
anode rotattve en platme. J-es risultats obtenus avec I’acide sulfamique 
sont exempts de dtvergences, et pr&.entent un &art type d’environ 
I %. Le dosage au c&turn (IV) est moms PI&S, et donne des r&hats 
trop &eves ou trop fatbles selon la m&ode employee pour determmer 
k pomt final, mats II est apphcable a des concentrations en nitrite 
mfCrteures a celles qu’autonse le dosage a l’actde sulfamique 

REFERENCES 

’ J T. Stock and R. G. BJork, Mrcrochem. J., 1%2,6,219. 
’ N Tanaka and K. Kate, Bull. Chem. Sot. Japan, 1956,29,831. 
* S. T. Htrozawa and R. C Brasted, Analyt. Chem., 1953,25,221 
’ I. M. Kolthoff. W. E. Hams and G. Matsuyama, J. Amer. Chem. Sot , 1944,66,1782 
s B Ketlm and J. W. Otvos, ibid., 1946, 68,266s. 
’ I M Kolthoff and J. T. Stock, Anulysf, 1955, 80,860. 
’ I M. Kolthoff and E. B. Sandell, Texr Book of Quonfrtarwe Inorganic Analysts Macmdlan, New 

York, 3rd ed., 1953, pp. 573,592 
* I. M. Kolthoff and E. B. Sandell. op. CII , p. 582. 
l I. M. Kolthoff and N Tanaka, Anolyt Chem., 1954,26, 632 

i@ R. C. Brasted, ibid, 1952,24,1111. 
ii I. M Kolthoff and E. R Ntghtmgale, Anolyr. Chrm. Acto, 1957. 17, 329. 
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Smnmuy-The etiect of contanunatlon of a mercury surface by cam- 
phor and thymol on the standard rate co&ant of the titaniumW- 
titanium”’ half rcactlon in 1 M tartanc acid has been determined by 
rncalls of voltage-step and impedance methods. Complications ansmg 
from specific adsorption of the ekcttoncgativc species proved more 
dlsturbmg to the lmpedancc methc~I than to the voltagc&ep method. 
A linear decrease of rate constant with surface coverage IS indicated. 

IT has long been known that adsorption of many surface active substances can affect 
an electrochemical reaction. The various important features of this problem have 
already been reviewed by several authors .14 In this work the effect oi’mphor and 
thymol, substances of different surface active characteristics, on the Ti”/TP redox 
reaction has been investigated by measuring the standard rate constants of the re- 
actlon in the presence of these surfactants. It was desired to compare the voltage-step 
method with the impedance method to obtain the rate constant of the reaction. 

The electroactlve species employed were chosen so that the redox potential of the 
couple was located as close to the electro-capillary maximum (e.c.m.) potential as 

possible. No surface-active anion was included in the supporting eiectrolyte. In 
such circumstances perturbation of the double layer charge can be neglected. The 
potential of maximum adsorptlon can generally be expected to be located close to 
the e.c.m. potential of the system. However, such a condition has not been fully 
satisfied by the systems employed. Hence, the electrode coverage was calculated from 
differential and integral capacity and used for the interpretation of the observations. 

Apparatus 
EXPERIMENTAL 

Cell* The cell was esscntlally a lOO-ml lipless beaker with a rubber stopper which had been 

bored with a variety of holes to admit a dro 
a porous Vycor tube and a glass-frit tube. T P, 

ping mercury electrode, a stirrmg rod, a gas disperser, 
cell solution was electrically connected to the S.C.E 

through an agar bridge inserted into a glass-frit tube. 
Droppitg mercury electmu (d.m.e.1: Becawe it was essential for the voltage-step method to 

keep the total resistance of the cell circuit a~ low a~ poacible, a low resi~tana d.m.e. wan employed 
A piece of glass tubing was Scaled to 034-mm i.d. marine barometer 
cut to give a fmc tip at one end. 

tubing, then drawn out and 
Contact was made through a platinum wire scaled into a portion of 

large bore. The electrical rwstancc of this type of &0trode WaS in the range of 1.0 to 1 S n. 
A su5ciently long life of each mercury drop and small “m” value as well as a fine tipped capillary’ 

l &sent address: Department of Physics and Chemistry, Gakushuin University, Toshlma-ku, 
Tokyo, Japan. 

t Present addresS. Department of CbCmiStty. Ochanomizu Univcrs~ty, Bunkyo-ku. Tokyo, 
Japan. 
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were required to allow the Impedance measurements to be carried out sattsfactorrly A capdiary tube 
with a pomted tip to meet these requirements was made by stretching under heat an ordmary com- 
merclal polarographlc capillary and cuttmg so as to provide a sharp end The “m” value was 
f4BO X lo+ ~/SW at the mercury head of 70 cm, and the drop life was long enough for the 

-urpcrimental USC. 
Folrrtecrrrep +vJRz~~~: The electrical clruut and apparatus were qurte szmtlar to those of 

La&men and Roe.‘** A voltage divider, a three-way mercury relay switch and an osctlloscop~c 
recording divider were essential parts of the whole assembly 

&M&WC Br&e: The assembly used for the a.c. im~dan~.br~dge method consrsted of an 
oscdlator, a variable resistance and capacitana, a potentiometer, a mechamcal drop-detacher 
controlkzd by a timin 

f 
device, a cathode-ra 

The entire setup oft c assembiy, exapt t L 
oscilloscope and a all ~ntalning the solution in questton. 

cell, has been exhaustively described * 

All aqueous stock sofutions were prepared by dissolving reagent-grade materials, with or wlthout 
further purification, in distilled water. 

H&30, (1 OOM) uttd NaOH (2 OOM). Shghtly more concentrated soluttions were prepared by 
diuolvmg reagent-grade materials in water. These solutions were d&ted with water until they gave 
the required vale of conantmtion in the titration with standard afkah and acid soluttons, 
respectively. 

Tt~antum~v (O~~~}~ A weighed amount of ti~~iurn dtoxlde was converted into soluble 
sulphate by fusion with KHSO,, and was dissolved in dilute I&SO,. Titanium was preclpnated with 
NaOH, and then redissolved m dtlute H&30,. The procedure was repeated, and the final precipitate 
was dissolved m 1~OW H&30, to make up the required volume. 

Turtarrc Acrd (2M). d-Tar&c acid was punhed by repeated recrystalhsatlon from water A 
weighed amount was dissolved in water. 

Camphor (@M): d-Camphor was dissolved nearly to saturatlon m methanol and crystal&d 
out by addin an equal volume of water. The procedure was repeated. Camphor thus treated was 
submttted to urther purification by sublimation under reduced pressure f 

A weighed amount of puri5ed camphor was dissolved in methanol and then water was added 
dropwise from a burette until the volume of water added was equal to that of methanol The solutron 
was mado up to volume with a 1: 1 mixture of methanol and water. 

Thymol (O.lJW): A weighed amount of thymol, which had been purtfied by two-fold distillatron 
under reduced pressure, was dissolved in a mixture of methanol and water (I * I), and the sotutlon was 
left standing ovemieht until it became clear. 

i&rcur$ Mere&y was purified by devotion under reduced pressure 
TP-TP mtred soluiion An equimolar mixture of TI rv and TP, 10 mM rn total concentration, 

was extensivelv used for the rate determinations. A solution 10 mM m TP’. I Mm d-tartanc acrd and 
OC?M in sod&m sulphate was prepared= by mixing the stock solutions. A‘ mixture of WV and TP 
was made just before use by electrolysing the Tin solution, with constant stlrrmg, at a constant current 
of about 10 mA between a mercury-pool cathode and a pIatinum-wire anode mserted into a porous 
Vyc~r tube. Tht solution had been completely deaerated by passmg mtrogen, and a thick nitrogen 
blanket was maintained over the solution dunng the electrolysrs. Under such conditions electrolysts 
proceeded without an appreciable amount of evolution of hydrogen gas. The concentration ratio 
of TP to TP was determined polarographzally. Charactenstics of the TiXv solution were as 
follows: pii = I a, E,/, = -044 V us. saturated calomcl electrode (SC E ), and the drtTuston 
current constant. 

Blank solution: A solution 1 N in d-tartar% acrd and O%W in sodium sulphate was prepared from 
stock solutions for the differential capacity measurement. The pH of the solution was 1 5,. 

Special care was taken in introducing thymol and camphor tnto the cell solution hecause of their 
low soiubiiity and high volatttity. Injection of a 0 1M 50% methanoI solution of surfactant with a 
micro&e syringe pipette was satisfactorily used for this purpose. 

Merrrremcnr pro&Me 

A. Voltage-Step Method: Each time 60 ml of the Tr *W-Tirrr solution were used It was important 
to keep a thick nitrogen blanket over the solution in the course of the hornet * A voltage step, 
usually about 55 mV, was applied between the mercury pool and the d.m e. through a three-way 
mercury relay switch. -se the farad&c current to be determined was quite low, a Tektronix 532 
oscilloscope, equipped with an E-type high gain a.c. differential pteampliber, was used for obtaining 
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the current-tune relauon The trace photograp$ed on Polarold- film was reproductble. Sweep 
rates of 20-50 psec. cm-’ were chosen because the current of Interest was expected to be dlsplayed 
for less than 500 psec The faradalc current was obtamed by simply subtractmg the charging current 
from the observed current. the former bemg given by the equation /,t, = VI& x exp (--t/R&,), 
where V, RI and C,, are the voltage, the total resistance and the double layer capaaty, respectively. 
The total resistance thus obtained was not as reproducrble as other quantmes, especially in the 
presence of high concentration of a surfactant, because of the rather large nse ume of the preamplifier. 
Therefore RF and C& were determined by means of an a.c. Impedance bndge at 1,000 cycles. The 
resistance was vaned from 53 to 56 SI, correspondmg to the change of distance between the electrod%, 
2 5 to 5 5 mm. The time between the Instant at which the preceding droplet fell from the capillary 
and the Instant at which the voltage step was applied was measured with a l/lOMecond electnc 
stop-clock. It was usually 8-10 sec. The area of a drop was calculated assuming its sphericity. 
There was no perceptible difference m the rate constant between 8 and 10 sec. The quatim (2) and 
(7) of Vielstlch and Delahayll were used lo determme the kinetic parameters of the reactIOn from the 
faradalc current at pro time. l,_0. Although the maximum of the faradaic current was taken as 
la-O Instead of estimating an “effective zero tlme,“a*7 no appreciable error could be introduced by 
this procedure, because the slope of the i us. t”* plot was very small, as expected. 

B. Impedance method. Blank solutron. All the electronic mstruments were warmed up for more 
than 20 min before use A single frequency of 1,000 cps was employed for the measurement of 
differential capacity throughout the range of polarlsatlon potential from +0 2 to - 1.4 V (us. S.C E ). 
while frequencies 200-500 cps. were employed at the ccrtam potentials which corresponded to the 
qurhbrium potential of the tltaruum couple Because the detailed description of the operation has 
been provided by Sherman’ a brief comment wdl suffice here 

As dilTerentia1 capacity data are needed after exactly 8 0 set of the growth of a mercury drop, 
the timing device was so adjusted that the mechamcal drop-detacher was operated at exactly 9 0-set 
intervals. At the same time, the horizontal stretch of the image on the oscilloscopic screen was 
extended to 9-O divisions. This resulted in a scannmg rate of 1.0 division per set on the screen. When 
the Impedance of the electrode was balanced at 8 0 set of drop-life, the vertical amphtude of the image 
on the screen was reduced to a pomt only at the eighth division line. 

Reactants. An ldentlcal procedure was employed m determming the impedance of the electrode 
as was previously described for the lank soluuon. 
the dropping mercury cathode was Iz, 

However, in the presence of the redox couple 
amtamed at a constant potential by means of a polansation 

urut L-1o Only the results obtamed at the lower frequencies were analysed because of their better 
nhabiltty. 

RESULTS AND DISCUSSION 

Determination of surface coverage 

It is first necessary to consider the evaluation of differential double-layer capacity 
measurements in terms of the surface concentration of adsorbate. If the potential of 
the redox couple, the electrocaplllary maximum, and the potential of maxlmum ad- 
sorption of surfactant were all comcldent, the fractional coverage could be calculated 
from the equation 

8 = (C, - C)/(C, - C& 

where C, C, and C, are, respectively, the corresponding differential capacities of ihe 
partially covered surface, the fully covered surface and the bare surface. From Figs. 
1 and 2 the potentials of maximum adsorption of camphor and thymol have been 
estimated as -0.70 V and -0.55 V, respectively, whereas the redox potential of the 
Ti couple, at which the coverage has to be estimated, is located at -0.63 V US. S.C.E. 
It should be better in such circumstances to make use of the integral capacity or the 
charge density instead of the differential capacity for the calculation of 8. Recently, 
Breiter and Delahay12 reported that Frumkin’s expression’s for 8 in terms of the 
charge density gave a good agreement with the thermodynamic surface excess over 
the entire range of potential including the potential of desorption. Thus, the two 
kinds of covered fraction were calculated, one from the integral capacity, denoted by 
0, and the other from the differential capacity 8’; these are illustrated in Figs. 3a 
and 3b, and are tabulated in Table 1. Integration of the differential capacity was 
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performed graphically between the redox potential and the e.c.m. potential of the 
blank solution. The latter was estimated as -0.52 V from the potential dependence 
of the drop time. The differential capacity at 1,000 cycles was used for the integration 
because the frequency dispersion of the capacity at -064 V over the range 200-5,000 
cycles was less than 3% with all of the concentrations of the surfactant solution. In 
Fig. 4, the differential capacity has been plotted against the coverage calculated from 
the integral capacity. It can be seen that the error caused by usmg differential capacity 
calculations is not much in the case of thymol, as expected. 

1 I I I I I I I t 

0 0-l 02 03 04 05 06 09 0.8 09 
8 

Fro. 4 -Diffenntial eapaaty us. coverage calculated from integral capactty. 

At camphor concentrations less than O-35 mM, the measured double layer capacity 
per unit of electrode area decreased slightly during drop growth. The maximum rate 
of decrease at -064 V was observed at a concentration of O-25 mM, where the value 
decreased from 16.0 pF. cm-2 at 2-set drop age to 14.0 pF. cm-s at 8-set drop age. 
This indicates that adsorption equilibrium had not quite been attained during growth. 

Determination of rate constants by voltage-step method 

In the absence of surfactant, the TI’“/TI”* couple had the following kmetic param- 
eters: the standard rate constant k = 1.7, & 0.05 x 10-a cm. set-’ at 0.63, V 
cs. S.C.E. and the cathodic transfer coefficient a = O-48. The number of electrons 
transferred at the rate-determining step has been assumed as unity. In Figs. 3,5 and 6, 
the rate constant and the differential double-layer capacity at the redox potential have 
been plotted agamst the concentration of the surfactant. The effect of the adsorption 
on the rate constant appears quite stmilar to that on the capacity. 

Figs 7 and 8 show a relationship between the rate constant and the coverage 6. 
A few pomts plotted against 8 are also included in these figures for comparison. 

Taking various complications and difficulties associated with those determinations 
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FIG 5a -Dtfferential capacity us. concentration of suffactant (camphor) at 0 64 V. 
FIG Sb.-Rate constant w. concentration of surfactant (camphor). 

rnto account, the change of the rate constant can be considered as linear with respect 
to 8 in both cases, Thus, k = k,(l - 6) + k&h where k, and k, are the rate constants 
of bare and of fully covered surface, respectively, the latter being estimated with 
thymol as less than IO-* cm. set-t from d.c. current me~uremen~. 

Determinatron ofraie constants by impedance method 

The faradaic impedank at an electrode-solution mterface of an electrochemical 
reaction can be represented by a series combination of a capacitance, C,, and a 
resistance, R. In the case where the concentration of the oxidised form is equahsed 
to that of the reduced form, the two components of the impedance are expressed by 
the equationFL7 
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and 

(2) 

where k, is the heterogeneous rate constant of the reaction, o IS the angular frequency 
of a.c. employed, C and D are the concentration and the diffusion coefficient, 
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-- 
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FIG. 6a.-Diffenzntml capacity at 064 V vs. concentration of surfactant (thymol). 
FIG. 6b.-Rate constant VS. concentration of surfactant (thymol) 

respectively, of the ion, and A is the area of the electrode surface. R, T, F and n have 
the usual signifkance. 

Observation of equations (1) and (2) shows that a plot of the faradaic reactance, 
l/r&, against w -W should lie on a straight line which extrapolates to the origin; and 
that a corresponding plot of the faradaic resistance, R,, should lie on another straight 
line which is parallel to the reactance line. The rate constant, k,, can he calculated 
from the vertical distance hetwecn the two lines. 
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0 PLOTTED AGAINST 8 

0 ” II et 

FIG I.--Rate constant vs. surface coverage (camphor) 

FIG I.-Rate constant vs. surface coverage (thymol). 
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First, the over-all Impedance across the solutron and the so~utlon-mercury mter- 
face, in the presence of the trtantum couple, was assumed to be represented by the 
equivalent crrcuit as shown in Fig 9. 5 14-18 Calculatron for the faradarc resrstance 
and reactance can be performed by erther the numerrcalr* or vector dragram” 
method 

Values of R,, the ohmrc resistance of solution, and Cdl, the capacity of double 
layer, were supphed by the experrment for differential capacrty, whrch had been deter- 
mined with ax. of 1,000 cps apphed to the blank solution. 

Cdl 

Cc) 

FIG 9.-Equwalent ctrcwts of electrode Impedance 

The calculated values of the faradarc resistance, RF, and the faradarc reactance, 
l/oC,, were plotted agamst o- 1.‘2 . The plots never lay on two parallel straight hnes 
as postulated by equatrons (1) and (2). Instead two curved lures were obtamed, and 
the vertical distance between these lines decreased with an increase of frequency. 
This was a trend common to all the results. 

The blank solution was carefully re-examined to determine whether the equivalent 
circuit shown in Fig. 9A IS consistent wrth the actual case. The results obtamed by 
employing various frequencies revealed that the matched values of resistance 
Increased at lower frequencies, espectally in the higher concentration range of surfac- 
tants, while the values of capacitance remained almost constant regardless of fre- 
quency. The observed values of resrstance in the blank solutron were extrapolated 
to infinite frequency to obtain the resistance of the solutron, R,,,. Then each resrstance 
subtracted by RBOl can be considered as the resistance of the double layer. When the 
surfactants were either absent or m small concentrations, the resistance of the double 
layer was so small that it could reasonably be ignored in the calculations. But when 
the concentration of the surfactants were relatively large, the contributron of the 
resistance reached at most 2 “/, of the correspondmg reactance m magnitude and was 
no longer negligible. 



Effect5 of adsorbed films on the tnan~umlv-tttan~umll* electrode reactlon 331 

A. Double layer as a compler impedence To represent the double layer m the 
presence of adsorbed material Grahame5 proposed an equivalent circurt conststing 
of a capacttance In series wrth a parallel combmation of capacitance and resistance. 
The experimental values of capacitance, C,, and resistance. R,, represented as a series 
combmatron, are given for several concentrattons of thymol In Table II. The re- 
sistance represents the excess over the solution resistance (330 Q) extrapolated to 
mfimte frequency. the same value being observed In the absence or presence of sur- 
factant Because the cdpacltance, C,, remains almost constant with frequency whrle the 
excess reststdncc. R,. IS strongly dependent on frequency, rt is qualitatively apparent 
that the Grahame eqmvalent clrcult must consist of a relatively small capacitance, 

TABLE II-COMPONENTS OF THE DOUBLE-LAYER IMPEDANCE 

Cone of 
thymol, 

IO 3M 
----_- 

CT = 0 15 /tF 
02 C3 = 1 6 IIF 

R3 = 19 K 

c, = 0 IO 
04 cs = I 3 

R3 = I 25 

c,=oO9 
06 cs = I 2 

R, =20 

cps. 

200 
400 
600 

1000 

E 
600 

1000 

200 
400 
600 

1000 

RI, !J C., PF 

obs CA obs talc 

90 120 0 136 0 138 
40 32 0 136 0 137 
18 15 0 137 0 137 
14 6 0 137 0 I37 

180 240 0 092 0 094 
65 70 0 093 0 093 
40 35 0,094 0 093 
20 14 0 094 0 093 

120 175 0.083 0.084 
54 54 0 084 0 084 
25 25 0085 0 084 
18 10 0 085 0 084 

C.,., In serves wrth a parallel combmatron of a relatively large capacttance C,, and a 
large resistance, R,. By trial and error, the components C,, C, and R, were chosen 
to give the representatron of R, and C,, as shown in Table II. The effect of Increasing 
thymol concentration IS to decrease C,, the “pure” capacttance, more raptdly than 
C,, the frequency-dependent capacitance. The parallel resistance R, goes through a 
mmlmum at an Intermediate thymol concentration (O-4 x KPM), corresponding to 
a maxrmum In the observed series resistance R,. The reason for this behaviour is not 
clear, but it leads to comphcattons in subtracting the double-layer admittance m 
calculatmg the rate constant of the electrode process. 

Faradaic resrstance and reactance were calculated by the vector-dtagram method, 
using the complex admittance, m place of mere capacrtive admittance of the double 
layer. The calculated values, however, gave only small increases to the plots for both 
components. Hence, the resulting curves were not remarkably improved. 

B. Introducmg an additional capacitance: Assuming that the double layer capacity 
might change its magrutude between the blank solution and the solutron containing 
titanium, an equivalent circuit was considered which included an addttional capacity 
parallel to the impedance of double layer (C in Fig. 9). 

The magnitude of the capacitance was empirically chosen so that the resistive and 
the reactive components of the faradaic impedance were as close to those postulated 
by equations (1) and (2) as possible. The vector-diagram method was adopted for 
the calculation. 
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By choosing a suitable capacitance, both the resistance and the reactance hnes 
became almost straight and parallel to each other, and the latter hnes could be extra- 

polated to the origin. The values of the additional capacitance are tabulated in 
Tables III and IV, where they are also compared with the differential capacity meas- 
ured at 1,OOOcps. The improvement is marked by thus mtroducmg an additronal 
capacitance. 

TABLE III-FJFECX OF CAMPHOR 

Concentration 
c’, Capacity 
subtrwted 

of camphor, 
Slope, 

101 n See-“’ 
Wppannt), k 
1 O- cm a see-’ lo-’ cfi; set- 

lO-‘M p&m.’ % to Cdl 
at MOOcps 

0 2.50 13-l 
0 10 1 +I8 99 1: A5 
015 1.66 8.8 11 04 

020 1-63 87 12 O-25 0 0 15 8: 
0 30 029 29 48 0.02 
0 35 0.43 53 001 
0 45 0.29 46 0003 

_--_- 
’ 
’ 

73 

’ 
66 
65 

1% 
0 94 
0 
0 

59 
39 

Ozo 

TABLE IV-EFFECT OF THYMOL 

Concentration 
of thymol, 

IO-‘M 

0 

@lO 020 
030 
O-40 

y;bQl%iY 
Slope, 

1P n set-1” 
D(apparent), k 

&g to cdl 10-a cm 1 set-’ IO-’ CL. set-’ 

pFjcmt at 1000 cps 

247 129 8 05 1.74 

3.26 19.6 02 2.47 20.1 :; 0.02 
0.002 

;.:q 
I.68 16.8 
1.13 13.6 

:!ii 
(8 x IO+) 

The effect of this additional admittance may be interpreted as a rapid electron 
exchange between the adsorbed reactants and the electrode, such as that postulated by 
Laitinen and RandIe@ for a ~baltxx~~~balti~ system. 

C. Reaction rate: Estimated values of Iz, and I/WC, for various concentrations 
of the surfactants, camphor and thymol, were plotted against o-i/*. Fig. 10, which 
is an example of the plots, illustrates the variation of both RF and l/o& with the 
increasing concentration of camphor. 

Rough ~timation of the apparent diffusion coefficient of the titanium ion IS 
possible from the slopes of each pair of correspondmg hnes. Values of slopes and, 
hence, the diffusion coefficient are shown in Tables III and IV m the presence of 
camphor and thymol, respectively. The large decrease of apparent ditfusion coeffi- 
cient observed at high surface coverages cannot be attributed to a change of diffusion 
rate in solution because the poiarographic diffusion current is not appreciably affected 
even by high concentrations of camphor or thymol. It might be regarded, however, 
as evidence for a slow penetration step of a nearly saturated surface layer. Further 
experimental work on this point is desirable. 

Vertical distances between corresponding resistance and reactance lines permit 
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the reaction rate constants to be calculated, the values also being tabulated Experl- 

ments had been extended to the saturating concentrations of camphor ,lnd thymol, 
but the extremely small values of capacrtance gave rise to intolerable errors In cal- 
culatlon; therefore, these results have been neglected here 

The observed value of the rate constant, l-7 Y 10-3cm set I. 111 the absence 
of surfactants IS In good agreement with that obtalned by the voltage-step method 

This IS smaller than either 9 x 10m3 by Randles and Somerton?” or 5 or 3 5 IO 3by 

20 
t 

lb) 

FIG. 1 la -Effect of camphor on electrode reaction of TI 
FIG 11 b -Effect of thymol on electrode reacuon of TI 

Delahay and Trachtenberg21 obtained by the impedance method. Because the experi- 
mental conditton of the former was not described and the latter was obtamed in a 
solution contaming sodium chloride, an exact comparison is difficult to make. 

The rate constant decreases rapidly m the presence of thymol, and is reduced to 
one-tenth of the original value at the concentration of thymol @3 x 10-sM. On 
the other hand, camphor exerts almost no inhibiting effect up to 0.2 x 10-sM, then 
exerts a serious effect, the rate constant being about one-tenth of the original value 
at O-45 x 10-3M. These effects on the rate constant are shown in Fig. 11. 
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Comparison of voltage-step and Impedance methods 

For a simple electrode reactron, the voltage-step and impedance methods may be 
said to be equivalent, but for the determination of rate constants greater than 1O-2 
cm, se& the impedance method is usually more accurate.= 

In the present case, however, the voltage-step method has advantages which led 
to more rehable values for rate constants m the presence of adsorbed organic materials. 
The essential difficulty in interpreting impedance results artses from comphcations 
in subtracting out the admtttance of the blank. First, the frequency dependence of 
resistance and capacitance observed m the presence of an adsorbed layer means that 
the double layer can no longer be represented as a simple capacitance but a capacr- 
tance shunted by a resistance, as has previously been shown by Grahame.6 In the pre- 
sent investigation, it has been shown that thts is a relatively minor complication, but 
undoubtedly it leads to additional scatter in the calculated rate constants. Second, 
the abnormally great Warburg impedance observed in the presence of adsorbed 
materials espectally at high surface coverages needs further study. The uncertainty 
from this correction appears to be more serious, and would probably be encountered 
whenever adsorbed phases are present. Third, a specific effect encountered m the 
present problem is that of adsorption of electroactive species. Although this effect 
may not always be observed, it has led in the present case to further uncertamties 
in the rate constant calculated from impedance values. 

In the voltage-step method, the total period of time during which a current was 
recorded was usually less than 300 ~sec. Thus, all observations m this study would 
correspond to bridge measurements at high frequencies (several kilocycles per set). 
The frequency dispersron of double-layer capacity becomes unimportant at high 
frequencies. Moreover, the abnormal Warburg admittance becomes relatively less 
important at high frequencies because it approaches zero at infinite frequency. Finally, 
the effect of adsorbed electroactive species appears as an abnormally large double- 
layer capacitance, which is subtracted out automatically in the extrapolation pro- 
cedure. This latter statement IS true only if the adsorbed species undergo sufficiently 
rapid electron exchange that their effect can be represented by a pure capacitance. 
A slow electron exchange of adsorbed species would give rise to a capacitance in 
series with a resistance, which would result in an increased time constant for the 
reduction process as compared with the charging process. 

CONCLUSIONS 

The adsorption of camphor and thymol on a dropping mercury electrode was 
determined from capacitance measurements. A comparison was made of the electrode 
coverage as calculated from differential and integral double-layer capacity, and the 
magnitude of the error caused by using differential capacity calculattons was 
estimated. 

The standard rate constant for the titanium’v-titanium’T’ couple in 1M tarbric 

acid, @2M sodium sulphate was determuted m the absence of surfactant. The voltage- 
step method gave a value of 1.72 x lo-3 cm. see-l, and the impedance method gave 
1.73 and 1.74 x 1O-3 cm. set-‘. 

The voltage-step method proved simpler than the impedance method in the 
presence of surfactant. To Interpret the impedance method, it was necessary to in- 
troduce an empirical correction m the form of an addrtional capacitatrve admrttance 



336 H A LA~TINEN, K EDA and M NAKANISHI 

in parallel wtth the usual Warburg admittance. This correctlon arlses from spectfic 
adsorption of electroactive species. 

The rate constants calculated from voltage-step measurements were more re- 
liable than those from Impedance values, and showed approximately linear dependance 
on surface coverage, for both thymol and camphor. 

Acknowleemenr-The authors gratefully acknowledge support for thts work from the Nattonal 
Science Foundation (NSF G 21049) and the United States Air Force (AF 33(616)-5446). 

Zwamnmfassung-Es ist mtt Hilfe der Spannungsstufen- und 
Impedanzmethoden untersucht worden, wie Kampfer- und Thymol- 
vennremigungen an einer Quecksrlberoberfiihe dte Geschwmdtg- 
keitskonstante der Tt1V/TilII Redoxreaktton III 1 M WemsHure 
beeinfiussen. Eme spezdische Adsorption der elektronegativen 
Bestandtede envies such als Nachteil mehr bei der Impedanzmcthode 
als bei der Spannun 

!? 
tufenmethode 

schemt mu OberfJ8c 
Die Gcschwindigkeitskonstante 

enbedeckung linear abzunehmen. 

Resume-On a detennme I’effet de la contamutatton dune surface de 
mercure par le camphre et le thymolsur la constante de vnesse normale 
de demt-reaction du systeme tttane(lV)-titane(111) en acrde tartrtque 
1 M,au moyen des methodes par incrtmentdepotentiel et d’tmpedance 
Les comphcattons dues B Padsorption sp&ifique des esp&ces Ckctro- 
acttves sont plus perturbatrtces avec la mtthode d’imp6dance qu’avec 
la mtthode par increment de potenttel. On indtque une dtcrotssance 
hntaue de la constante de vnesse avec P&endue de la surface 
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Summary-The thallous ion-thalhum amalgam system has been 
studied chronopotenttomctrically in glacial acetIc acid (HAc) as a 
solvent, using 0.25M ammonium acetate as supporting electrolyte 
The transitIon time relatlonships between the calhodlc transmon time 
and the first anodlc transItIon time on current reversal were 
nnkd. Analogous studrcs were carried out at the thallium amalgam 
electrode, determining the anodic transItIon nme and the cathodic 
transition time. on current reversal. The predIcted potcntlal-nme 
relationshlps for the above-mcntloncd chronopotentlometnc processes 
were verdkd, and it was cstabhshed that the thallous acetate-thalhum 
amalgam couple is reversible with the formal potential of 0 347 f 
O-005 V m. the saturated aqueous calomel electrode. The dtffuslon 
co&iclents of thallous Ion and thalhum m mercury were found lo be 
Identical. 4 3 x lo-* cm*. see-I. 

INTRODUCTION 

VARIOUS investigators’-l7 have obtained solutions for a number of simple and complex 
problems arising in chronopotentiometry. The present work is concerned with the 
verification of the predicted relationships between concentration and transition time, 
and between potential and time, for the thallous acetate-thallium amalgam couple, 
using 0*25M ammonium acetate supporting electrolyte in acetic acid (HAc) as solvent. 
Studies reported below include the reduction of thallous acetate into a mercury pool 
or thallium amalgam, followed by current reversal at the first cathodic transition time; 
and oxidation of thallium from thallium amalgam followed by current reversal at the 
first anodic transition time. 

Table I summa&s the surface concentrations of thallous ion, Co*, and thallium 
amalgam, C, , ’ which will result at time, t, after the start of reduction before the first 
cathodic transition time, TV, and between the first cathodic transition time and the 
subsequent anodic transition time, T*‘, on current reversal at r = rc,lz 

n &F(rOo)i 
where 7c = 

2io coo, 

Do and Co” represent the diffusion coefficients and bulk concentrations of the 
oxidised species, respectively, i. is the absolute value of constant current density, and 
T.’ is the time lapse between the cathodic transition time and the anodic transition 
time. Analogous relations are given for the case where the initial process is an 
oxidation, resulting first in an anodic transition time, T*, 

where 7. 

followed by cathodic transition time, TV’, on current reversal at I = ~*.l* 

tTakenin 
8” 

from the Ph.D. Theais of T. 0. Rouse. 
$ Present a dress: Research Laboratory. General Electric Co, Schenectady, N.Y., U.S.A. 
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TABLE I -SURFACE CONCENTRATIONS DURING CONSTANT CURRENT EI ECTROLYSIS 

FOLLOWED BY CURRENT REVERqAL AT FIRST TRANSITION TIMEI” 

lmt~al Before first transmon time Between first and second transition ttmes 

Process 
p_L--W -~--_--______ 

co* CR* Cd Cl? 

t For the reduction (or oxrdatron) of one soluble speczes to another where 

2& 
kR =- 

nsrc(,Da)~ 
and lo = absolute value of current density 

If the first electrode process is a reduction, the relationship between the first 
cathodte transitzon and the anodzc transition time occurring on current reversal IS 

f7.z + G’lt + TF? = 2j7*‘1$ 0) 

while If the inttlal process is an oxidation, the analogous relation 1s 

[Ta + 7e 3 + Qf = 2[7,1 . ‘f ’ k (2) 

The potential-time curves for the reversible electrode process are obtained by 
substitutmg the surface concentrations given in Table I into equation (3a) 

RT C,~D,~ 
E = E* + zr In c4, 

R R 

where E+ is the observed potential when Co8Dot = CR6D04. In the case under 
consideration, E* IS identical with the polarographic half-wave potential and the 
~hronopotentiometric quarter-wave potential, i.e., 

(3b) 

where E” IS the standard potential for Ox. + nE = Red. andfrepresents the actlvlty 
coefficient of the species indicated xn the subscript. We call E* the “characteristuz 
potential’:. This characteristic potential occurs at a time, t*, the “characteristic time”, 
RelatIonships for the various cases are given in Table II. If the first etectrode process 

TABLE II --CHAR.ACFERISTIC TIMES, r* 

Imtial process Before first transition time Between first and second transltlon tlmes 

Reductton 0 &I - +) = r*t 4(r* - rC)f - 2(r*)* = 7.6 - Q* 
observed only If Tc > Q always observed 

Oxrdatlon 0 S(7.k - ret) = r*t 
observed only If T* > Q 

w - 7dg - 2(r*)t = 7,t - 7J 
always observed 
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is a reduction and Ca” = 0. then TV = 0 and the first current reversal reldttonshtp 

gt\en III Table II reduces to a result prevlouslv obtained bv Berms and Delahav 3 

4ppumr1cs 
EXPERIVE>TTL 

The constant current source high Impedance ampbfier and recorders used m this study are 
described elsebvhere 1L The chronopotenttometnc cell used uas slmtlar to that used b) Delaha)‘> 
unh the follo\\mg dttferences (1) The plu, 0 uas machmed from Teflon Instead of from Lucne 
(41 The enttre ceil hod! uas Jacketed wtth water and mamtamed at 25 = 0 2 by circulatmg water 
from a thermostat (31 The Lugen caprllary was sealed through the side of the cell to fi\ the posmon 
of the tip of the salt bridge ntth respect to the mercury pool The diameter of the hole In the Teflon 
plug v\as I 630cm. and exactlv the same volume of mercury was delnered to the plug m all the 
elpertments to ensure a constant distance betueen the ttp of the salt bndge and the mercun surface 
The effectne electrode area was determined by a procedure uhtch will be reported else&here 

Reqems 

Reagent-grade chemtsals uere used In all cases. 
Gltrncrl uceflc rrcrd was purtfied by bothng wnh anhydrous chromtc oxide, followed by azeorroptc 

dtsttllatron utth excess benzene to remove water, m turn followed by careful fract,onatton 
0 2C.W tlm~nonrrcnr acetare Reagent-grade ammonmm acetate uas dtssobed m the purtfied H AC 

The \\ater content of the supportmp electrolyte used uas found to be 0 1 ‘I,, by Karl Fischer tnranon 
7Xa/hron unm/gams Here prepared 111 SW~ In the chronopotenttometrtc cell by constant-current 

electrolysts at the mercury cathode of starred, deaerated soluttons of thallous acetate in 0 25-M 
ammomum acetate In HAc The current densities chosen were such that the potential of the mercury 
cathode Insured IOO’, current ef%ency for the reductton of thallous ton The concentratton of the 
amalgams uas calculated from the number of coulomts used m the electrolbsts and the known 
\ olume of the mercury cathode 

Thalhrtn~ wetate’ A standard thalltum acetate solution uas prepared by solutton of an appropriate 
amount of thaihum formate m water followed by prectpitatton wtth sodturn carbonate The resultmg 
carbonate was recrystalhsed several times from water, washed and dried A weighed amount of thl; 
carbonate was dissolved m the ammomum acetate supportmg electrolvte The amount of uater 
formed In this process IS neghgtble compared wtth the total amount of aster In the electrolyte 

A!I potenttals were measured against the saturated aqueous calomel electrode An mtermedrate 
salt bridge contammg the acetic actd supportmg electrolyte present In the chronopotenttometrtc 
cell aas placed betucen aqueous calomel electrode and the Lugen captllary 

RESULTS AND DISCUSSION 

The reaction 
T-1”’ L E + Hg ‘, Tl(Hg) (4) 

was studied in 0*25M ammonium acetate m HAc in order to verify the relations given 
in Tables I and II. In such a mixture of reduced and oxidlsed forms. two transition 
time constants, Jo and JR, may be defined in terms of relationships given in Table 1. 

The transition time constant for the oxidised form is given by 

Jo _ ioTc* _ - i&s. + te’)$ - 2(T,‘)l] n S(irD,)f 
= 

Co0 Co0 2 (W 

in the case where the first electrochemical process is a reduction. 
If the current is reversed at the first transition time. the transition time constant 

for the reduced form is given by 

JR _ i0r” - - io[rc & 7*‘)k - 2(r*‘)‘] = n.F(nW 

CR0 CR0 2 (5b) 

when the initial process is an oxidation and the current is reversed at the first transition 
time. 
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The results obtained with several HAc solutions contaiding thallous acetate at 
mercury and at thalhum-amalgam electrodes are summarized in Table III. The values 
of Jn+ for the initial cathodic experiments at an amalgam electrode are omitted, 
because the concentration of the HAc solution, after preparation of the amalgam, 
was determined from the cathodic transition times and the value of JTL+ found for 
experiments at a mercury electrode. Current densities varied from 154 ,XA. cm-2 
to 2050 PA. cm-2. As is seen m Table III, the agreement between the various J values 
is good, and verifies the relatlonshlps between the different transition times. Also 

cs 
summarlsed in Table III are the slopes of E us. log e where the appropriate sur- 

Tl(lm 

face concentrations given in Table I have been substituted. The slopes indicate that 
reaction (4) occurs reversibly in a supporting electrolyte of 0.25M ammonium acetate 
in HAc 

The charactertstlc potentials listed in Table III are corrected for the ohmic potential 
drop contribution which cannot be avoided in this high-resistance supporting elec- 
trolyte. The observed characteristic potential, (E*)ob5, 1s related to the actual 
characterlstlc potential by 

(E*)oba = E* - rR 

where R is the effective resistance between the tip of the Lugen capillary and the 
mercury pool. The actual characteristic potentials listed in Table III were obtamed 
by plotting the observed characteristic potential US. the current used in the particular 
electrolysis and extrapolating to zero current. The agreement found between the 
characterlstlc potentials is excellent, and verifies the validity of the theoretical relation- 
ship pertaining to these different situations. 

In addition, potentiometric measurements (at zero current) indicate that the value 
of formal potential for reaction (4) 1s -0.353 v. Because ion-pair formation must be 
extensive, this potential value merely represents the e.m.f. at which the ratio of the 
analytical concentration of thallous acetate to the thalhum amalgam concentration IS 1. 
We also find that the diffusion coefficient of thallous ion in HAc solutions of 0 25M 
ammomum acetate (4 3 x 1O-g cm2. se&) equals that of thallium amalgam, therefore 
the observed formal potential should correspond exactly to E*. Within the experi- 
mental error this result 1s found, further supporting the above conclusions 

Acknowledgme~rr-This work was supported by the Office of Ordnance Research, U.S Army 

Zusammeafassung-Das System Thalhum(l)-Thalhumamalgam wurde 
chronopotennometr~sch m E~sesq als Losungsmlttel mlt 0,25m 
Ammonacetat als Leltsalz untersucht Dte Bezlehungen zwlschen 
kathodlscher Transmonszelt und erster anodlscher Transnlonszelt be1 
Stromumkehr wurden verlfizlert Analoge Untersuchungen wurden 
an der Thalhumamalgam-elektrode durchgefuhrt, wobel die anodtsche 
und die kathodlsche Transltlonszelt be1 Stromumkehr bestlmmt 
wurden Die vorausgesagten Potential-Zelt-Bezlehungen fur die 
erwahnten chronopotentlometrlschen Prozesse wurden bestattgt 
und es wurde festgestellt, dal3 das System Thalhumacetat/Thalhum- 
amalgam reverslbel 1st mlt emem formalen Potential von 0,347 = 
0,005 Volt gegen die gesPtt@e wiil3nge Kalomelelektrode Die 
Dlffuslonskoeffizlenten von Thalhum(I) und Thalhum m Quecksllber 
smd glelch und betragen 4,3 lo-‘ cm*/sec. 
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R&me-On a etudle chronopotentrometnqucment Ic sksteme ron 
thalleuu-amalgame de thalhum en aclde aceuque glacial (H \CJ comme 
sohant. a\ec de I acetate d’ammomum 0.25 hl comme electrohte 
support On a vi&C les rapports des temps de transmon. entrh le 
temps de transttton cathodlque et le premier temps de transmon 
anodlque. lors de l’rmerston du courant On a effectue des etudes 
analogues B I’ilectrode en amalgame de thalhum determmant les 
temps de transttlon anodtque et cathodlque lors de I’m\ersion du 
courant Les relattons potenttel-temps prkvues pour les techmques 
chronopotentlometrlques cl-dessus ant ete v&fiecs et on a etabh que 
le couple a&ate thalleuwmalgame de thalhum est relerslble. a\ec 
Ie potenuel defim de 0,347 = 0,OOS \olt par comparalson a I’electrode 
au calomel aqueux saturC On a trouvC que la coefficients de diffusion 
des Ions thalleux et du thalhum dans le mercure sont rdentlques. 
4.3 1O-6 cm’ set 
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RADIOCHEMICAL DETERMINATION OF STRONTIUM-89 
AND -90 IN URANIUM MINERALS AND SALTS 

P. K. KLRODA and HIROFLVI ARI~O 
Dcpanmem of Chemwy, Umversny of Arkansas, Faye~tcwlle, Arkansas, U.S A 

fllecrrwf 19 Ir,nc 1963 Acceprcd 31 Ocrobcr 1963) 

!!4ummav-A combmatlon of lou-kvel countmg technique and 
large-scale analytical operation has been employed to dewrnme 
extremely small qoancnles of stronuum-89 and -90 m uranium ores 
and salts Strontium Earner IS added to a kllogram quantny of the 
samples of non-n-radiated uranium ore and salt, exhaustively punfied, 
and counted The levels of radlostrontlum found are of the order of 
lo-( dlsmtegrattons scc-‘.gl of uranium m the sample. These 
strontium rsolopcs are formed m non-trradlated uramum salts and ores 
predommantly by the spontaneous fission of uranium, but ncutron- 
mduced fission of uramum-235 also appears fo arur in the latter 

INTRODUCTION 

THE existence of extremely small activities of natural fission-produced strontium-89 
and -90 m pitchblende was first reported by Kuroda and Edwards’ about a decade ago. 
Determination of these strontium Isotopes in uranium ore is tedious and requires a 
large-scale chemical operation, which looks somewhat like a miniature version of 
Mme. Curie’s cxperlment of the isolation of radium from pitchblende. 

In connection with a study on the process of natural fission, currently being 
carried out m this laboratory, it was necessary to measure the levels of strontium-90 
m pitchblende and m various uramum-bearing materials. The purpose of the expen- 
ment was to see If the amount of strontium-90 found in pitchblende agrees with the 
calculated amount from the known spontaneous fission half-life (8-O x NY5 years) of 
uranium-238, or of there IS an excess of strontium-90 from the contrlbutlon by 
neutron-induced fission of uranium-235. The contribution from the latter process 
would imply that a nuclear cham reaction occurs in nature, i.e., some of the neutrons 
produced by the uramum-238 spontaneous fission are absorbed by the uranium-235 
atoms and produce additlonal fission neutrons. 

The existence of such a nuclear chain-reacting system m nature has been demon- 
strated mass-spectrometrlcally. *es The mass-spectrometric measurements deal, how- 
ever, with the stable isotopes of krypton and xenon, and hence reveal the cumulative 
effects of the nuclear chain reaction throughout the life-time of the uramum ores. 

Measurements of the levels of strontium-90 in pitchblende would tell us somethmg 
about the extent to which the nuclear chain reaction is occurring “today” m the 
uranium ore Knoamg this. one may be able to compute the total number of uramum 
atoms which have partlclpated in the nuclear cham reaction during the entire history 
of the earth. 

The recent discovery that the earth’s atmosphere appears to contain an excess of 
“fission-produced” xenon isotopes relative to the xenon extracted from meteorttes 

343 
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can be explamed from either (a) the contrlbutlon from the extmct transuramum 
element, such as plutomum- (half life. 7.6 x IO’ years),‘e5 or (6) the natural 
uramum cham reactton whtch occurred durmg the geologIca hlstory of the earth.6-9 

No attempt ~111 be made m this paper to discuss fully the nuclear and geo- 
cosmochemical aspects of the process of natural fission However, mention WIII be 
made here that pltchblende and other uramum ores are expected to contam slmllar 
actlvitles of natural fission-produced technetium and promethium Isotopes. These 
so-called “mlssmg” elements can be also isolated from uranium ores by a large-scale 
chemical operatron Measurements of the levels of technetium and promethium 
actlvltles rn pttchblende are currently bemg contmued m this laboratory 1o-‘s 

The present paper describes some of the analytical and radfochemlcal problems 
encountered m the separation and determmatton of the extremely small quantities of 
strontium-89 and -90 in kllogramquantitles of uramum ores. It has been our 
experience that the strontmm fraction ofpitchblende can be very easily lost durmg the 
chemical operation, even when a fairly large quantity of strontium carrier IS added 
to the pltchbiende sample. A failure in the recovery of the strontrum fraction meant 
a loss of kilogram quantity of pitchblende, as well as a loss of “face” to the Investi- 
gators mvolved m the operation. In fact, the experiment of Kuroda and Edwards’ 
has never been successfully repeated in this laboratory and elsewhere until the new 
analytrcal scheme described m this paper was developed 

Matmals 
EXPERIMENTAL 

A large quantity of Afrrcan pitchblende and a sample of depleted uranium wtth the lsotoplc 
composltlon of 99 98 ‘4 **W and O-01 1 ‘A *YJ were made avadable to us for this study by Dr H M 
Roth of the Research and Development Division, U.S. Atonuc Energy Commission, Oak Ridge, 
Tennessee, U S.A. 

All reagents used m thrs work were of the highest punfy obtainable, usually Reagent ACS purity 

Counting equipment 

A CE14 Tracerlab Low-Background Beta Counter was used to count the strontium fractions 
Isolated from pltchblende and depleted uranium. 

Chemical procedure 

A flow sheet of the chemical operations IS shown in Fig. 1. The final adoption of the analytical 
scheme shown m Fig 1 was based on the knowledge gamed from the preliminary expenments on 
the behaviour of strontium as described m the latter part of this report. 

In the case of the determmatlon of radlostrontium m depleted uraruum salt, the sample was 
converted to UO,(NOJI 6HI0, 200 mg of strontium carrier were added, and this was first treated 
with 80% nitric acid The strontium nitrate found in the precipitate was then exhaustively punfied 
and counted. 

RESULTS AND DISCUSSION 

The final strontmm carbonate precipitate recovered from 2.6 kg of pltchblende 
weighed 124 mg and showed an activity of about 300 cpm. This actlvrty was found 
to be mostly from the decay products of radium. The sample was dissolved In drlute 
mtrlc acid and was repunfied, starting with the ion-exchange separation step of the 
flow sheet shown m Fig. 1. 

The purified strontmm carbonate precipitate weighed 114 mg and had a weak 
beta activity shown as Curve I m Fig 2. The growth-decay curve observed mdlcated 
the presence of 50-day sOSr and the growth of 64.5hour BoY from 2%year %r. 

To calculate the radlostrontium content of the pitchblende. the chemical yield has 
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to be accurately known. If a mg of strontium carrier Here added and b mg were 
recovered, the chemical yteld, y, IS 

where x IS the amount of strontrum orqnally present m the sample 
Attempts to determme x m the African pltchblende ha\e all falled and \te are 

currently of the opmron that x < Q Thus. If one neglects 1. the chemrcat yield m 
thts case IS calculated to be 4200, whrch IS the highest chemtcai vreld so far attamed 

IO 20 30 50 60 10 
DAYS 

FIG 2.-Radtoactwty of the strontwm fractrons isolated from pltchblende and depleted 
wanturn. 

l-2,600 g of prtchblende; chemtcal ytetd - 42 “/, . 
If-3,750 g of pltchblende; chermcal yield 5 :,, 

III-2,052 g of TJO,; chemical yield 39 %. 

Numerous attempts made to recover strontium from acid-soluble fractions of the 
African pitchblende have all failed. The chemical yrelds were generally Sy, or less 
m all such analytrcal schemes. 

For example, strontium carrier (141 mg) was added to 3,750 g of the pltchblende, 
the whole being dtssotved m dilute nitrrc acid; and, after the nitrrc acid was drsttlled 
off, the bulk of uranium was extracted with ether. The strontium carrier was recovered 
from the residue, after a lengthy chemical operation, with a chemical yield of onIy 
5%. The counting data for the strontium fraction obtained in this experiment are 
shown in Fig. 2 as Curve II. 
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An attempt to separate the stcontrum fraction from 200 g of the pitchblende 
together wrth 150 mg of added barium carrrer gave a chemrcal yield of only 3.7%. A 
chemrcal yield of 0% was obtained in many similar experiments. 

All of these results suggest that the strontnrm is probably precipitated as the 
sulphate m the initial stage of the sample treatment, and hence it IS almost impossible 
to recover the strontium fraction without the process of fusion. 

The recovery of the strontium fraction from uranium salt is somewhat easrer, in 
that the fusion step is not required. *UOs(2,052 g) was converted to 

UO,WOJ,.6H,W,945 g) 

and was treated with 40 litres of 80% nitric acid, after the addition of 200 mg of 
strontium carrier. The preciprtate, which contamed calcium, strontium, barium and 

TABLE I -kums~~ormu~ CXWTENTS OF THE AFRICAN PITCHBLENDE AND DEPLETED 
wmuu 

lo-’ x Dlsmtegratlons. see-‘. g-’ 
Sample Chemical of uranium m the sample8 

ydd, % 
‘*Sr -Sr 

I. African pitchbknde 
(2.600 gY 42 35 *03 5 8 f 0.5 

II. African pltchblende 
(3,750 gY 50 -* 3f2 

III Depleted uranium 
(2,052 g) as *TJOId 39 28 &02 11*01 

l Measurement was unpossibk because about 200 days have elapsed sm= the imtd 
separation of strontium from pitchblende. 

b The errors reported here originate from uncertainty m analyzing the decay-growth 
curves. 

’ Sample I treated by fusion procedure. 
d Samples II and III treated by acldcxtractlon procedure. 

radtum, was converted to the carbonates. The carbonate precipitate was dissolved in 
dilute hydrochloric acid, and the iron III hydroxide scavenging process was repeated 
three times. The purified carbonate precipitate was treated with nitrrc acid and 
evaporated to dryness. The strontium fraction was further purified according to an 
analytical scheme similar to that given in Fig. 1. The strontium was finally 
precipitated as the carbonate, filtered, dried and weighed. The chemical yield was 
39%. The counting data are shown in Fig. 2 as Curve III. 

Precise determinations of the low-level activities of strontium-89 and -90 require 
at least a few months of careful counting, and hence only preliminary results can be 
reported here. Table I summarises the results obtained so far. 

The results indicate that the strontium-89 and -90 are formed predominantly by the 
spontaneous fission of uranium-238. The equilibrium activity of the spontaneous 
fission-produced strontium-90 in uranium-bearing materials is calculated to be 

6.02 x IOre In 2 = 
238 - (8-O x Ws)(3*16 x 10’) ’ (o*o5) 

= 3-5 x 1V (disintegrations. set-l. g’ of uranium), 
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where Ngo and N- are the number of atoms of strontium-90 and uramum-238, 
respectively, ;2, is the decay constant of strontmm-90, &r is the spontaneous fissron 
decay constant of uranium-238, and Y@‘J IS the yield of mass PO chain (tentatrvely 
assumed to be 5% tn the above calculatron). 

The amount of strontium-90 in pitchblende appears to be constderabiy higher than 
the value calculated above, probably because of the contribution from the neutron- 
induced fission of uranmm-235. 

On the other hand, the level of strontium-90 in non-irradiated depleted urantum 
is much lower than that rn uramum ore. This is most hkely because the half-life of 
strontium-90 is greater than the “age” or the time elapsed since the preparation of 
the uranium salt. The results thus indicate that the secular equilibrium between 
strontium-90 and uranium is not yet established in the uranium salt. The following 
relationshtp should hold between the strontium-9O/uranium-238 ratio and the “age” 
of the uranium salt* 

No”&, = N=&,. P . (1 - e-40’) (3) 
where t is the “age” of the uranium salt. Thus It appears that the uranium salts can 
be dated from the observed strontium-9O/uranium-238 ratios. 

It is interesting to compare the activrties of strontium-90 and radium in prtch- 
blende. Because radmm is expected to be also m secular equilibrium wtth urantum 
in prtchblende, 

Strontmm-90 activity hr yso 

Radrum-226 actrvrty = L ’ ’ 
(4) 

where & is the alpha-decay constant of uranium-238. 
Equation (4) yields a value of 28 rnpc of strontium-90 per g of radium in prtch- 

blende. This calculatron shows that Mme. Curie must have handled quite a constder- 
able activity of strontium-90 (m fact, roughly 60,000 disintegrations per min of 
strontium-90 per g of radmm isolated from pitchblende!) during her experiments. 
This actrvrty would hdve been well within the limit of detection of the electroscope 
used in those days. It IS perhaps fortunate, though, that man did not dtscover the pro- 
cess of nuclear fisston almost a half century earlier! 

Ac&nowler(emenf.+One of the authors (P.K.K.) would like to take this opportunity to thank 
ha great teacher, Professor Kolthoff, not only for mvaluabk guidance, encoumgement. advice 
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T 
of developing 

a better method for the amperometnc determinatton of -SH and 4S groups III 
m connectton with the cancer research project at the Univenity of Mimteaota. 

lological samples, 

Thus mvestigation was supported by the US Atomic Energy Commission. We are gratefuk 
to Mr J. C. Krurar for hts assistance. 

Zusammenfasamg-Durch Zlihlen bei niedrigen zllhlraten und 
analytische Verarbcrtung gmaer Mengen zztie&f 
Mengen von Strontium-89 und -90 m Uranerze 
Strontmmtrllger wurde N Krlogramm-Mengen nicht bestrahlten 
Urancrzes bm. -sakes gegeben, erschopfend gereini 
Der Anterl von Radrostrontmm lag m der Gr6Beno 

und galhIt. 

5! 
nun von IO-’ 

&fallen pro Sekunde und Gmmm U tn der Probe. Diese trontmmi- 
sotope werden in nicht bestmhlten Uransalzen und uzen vonviegend 
durch spontane Spaltung von Umn gebildet, in den Erzen scheint 
aber such neutronenindutierte Spaltung von Uran-235 vorzukommen. 
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R&utn&Une tcchmque de comptagc B bas mveau a & combm& 
a unc opCration analyttque B grande bchelk pour dCtermmer dcs 
quantttts extimcmcnt fatblcs de stronttum-89 et -90 contcnucs dam 
Its mmerars et lies scls d’uranrum. On a ajoutk du stronttum commc 
portcur B un ~~ntiIlon d’un ktlogramme de mmcra et de scl d’urant- 
urn non trradrt, parfaitemcnt put& et comptC Les mvcaux du stron- 
tium radioactrf 6taient de I’ordrc de lo-’ d&mt&gratron par scconde 
et par gramme d’uranium dans 1’Manttllon Ces tsotopcs du strontium 
darts ks s&s et lcs mmcrats d’uranrum non trradrCs provtennent 
p~nci~l~nt de la fisston naturelIe de ~u~n~urn, mats la fission 
indutte par ks neutrons de l’uranium-235 sembk ausst se produtm 
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Smnmary-This report describes the development, testing and appli- 
cation of a chemical procedure for determining the distributions of 
uranium, neptunium and plutonium among their respective oxidation 
states in various aqueous media at tracer concentrations. The separa- 
tions achieved are of the order of 95% clean. Results are presented 
which show the per cent extraction of uranium, neptunium and 
plutonium oxidation states by 0.4 M 2-thcnoyltrifluoracetone at various 
values of pH, and per cent carried by lanthanum fluoride from distilled 
water and sea water under various conditions. Radiochemical analysis 
of the separated fractions can then be used to determine the required 
oxidation state distributions. 

INTRODUCTION 

URANIUM, neptunium and plutonium oxidation state determinations become increas- 
ingly important as the utilisation of nuclear power expands, the study of radioactive 
fallout progresses, and plans are made to test peaceful applications of nuclear explo- 
sions. Published material provides much useful information, but some of this is 
conflicting, and additional data are required to permit reliable measurements of 
oxidation state distributions. This report describes the development and testing of a 
method for determining the distribution of tracer concentrations of uranium, nep- 
tunium and plutonium among their respective oxidation states in aqueous media. 
Some areas of application are as follows. 

The contribution of uranium-237 and neptunium-239 to the gross activity after a 
nuclear detonation may be appreciable for a period of ten half lives for each radio- 
nuc1ide.l Nuclear detonations in sea water will cause significant quantities of these 
radionuclides to be present in the aqueous phase of the debris.2 Nuclear reactor 
accidents at sea or in the air above are more recent potential sources of sea water 
contamination by these nuclides as well as by plutonium-239. The biological fate of 
such contaminants would be expected to depend upon their oxidation states. 

The chemical behaviour of uranium, neptunium and plutonium in the process of 
concentrating, isolating and purifying these elements from aqueous solutions will 
depend upon their oxidation states. It is therefore important to have means of 
verifying predicted species. 

The development of an oxidation state separation scheme at the tracer level is 
beset with certain inherent difficulties. The only observable properties of a tracer 
which give evidence of the oxidation state arise from its chemical behaviour, which in 
most instances closely resembles the chemical behaviour of the element at macro 
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concentrations. However, the importance of such effects as radiocolloid formation, 
adsorption on container walls, and oxidation state perturbation by small amounts of 
impurities becomes greatly magnified at tracer levels, and modifies the properties 
observed. Two other peculiarities of tracer behaviour are particularly appropriate. 
The first involves the kinetics of homogeneous bimolecular reactions when both 
reactants are present at tracer concentrations. Such reactions include the dispro- 
portionation of tracer uraniumv, neptuniumv, plutoniumIv, and the corresponding 
reproportionation reactions. In the absence of surface catalysis, such reactions will be 
exceedingly slow. The second is concerned with the solubility and carrying of 
neptuniumv. According to Katz and Seaborg macroscopic neptuniumV fluoride is 
soluble, but according to Hyde4 the tracer is carried on lanthanum fluoride precipi- 
tates. As a result of situations like these the investigator must be continually on guard 
against begging the question. 

The recognised oxidation states of uranium, neptunium and plutonium in aqueous 
solution are summarised in Table I. 

TABLE I.-OXIDATION STATES OF URANIUM, NEPTUNIUM, PLUTONIUM IN AQUEOUS SOLUTION 

Oxidation state Uranium Neptunium Plutonium 

III 

IV 
V 

VI 

Oxidised by water 
to uraniumn 

Stable 
Disproportionates 

to uraniumrv 
and uraniumv* 

Stable 

Rapidly oxidised 
by dissolved oxygen 

Stable 
Stable 

Stable 

Stable 

Stable 
Thermodynamically 

unstable 

Stable 

It is well known that 2-thenoyltrifluoracetone (TTA) in benzene is a good 
extracting agent for actinide elements in the +4 oxidation state at low pH valuess~5 
and that lanthanum fluoride carries all oxidation states of the actinides except the +6 
state.4 It was therefore decided to use a combination of these methods as the basis for 
a determination scheme. Although at low concentrations plutoniumV is fairly stable 
in the pH range 2 to I, 6 its behaviour during extraction has not been previously 
determined. Marklen and McKay’ have assumed that it is not extracted by TTA and 
Connick* has concluded that it is carried on a lanthanum fluoride precipitate. 

EXPERIMENTAL 

Tracers 

Uranium-231 was produced by irradiating enriched uranium-236 oxide with thermal neutrons 
in the MTR at Arw, Idaho. 

Neptunium-239 was produced by irradiating depleted uranium-238 metal with thermal neutrons. 
Plutonium-237 was produced by bombarding enriched uranium-235 with 30 MeV alpha particles 

in the University of California 60-inch cyclotron. 
In each case the target material was dissolved in hydrochloric acid and purified by ion exchange.8J0 

The radiochemical purity was established by gamma-ray spectrometry and by decay measurements 
during the wurse of experimental work. 

Reagents 

2-Thenoyltr@roracetone, obtained from the Peninsular Chemical Research, Inc., Gainesville, 
Florida was used without further purification. Otherwise, natural sea water and reagent-grade 
chemicals were used throughout. 



Oxidation states of tracer uranium, neptunium and plutonium 387 

Preparation of stock solutions 

Uraniumlv was prepared by passing uranium-237 tracer solution containing 2 mg of normal 
uranium in 4M hydrochloric acid through a O&cm x IO-cm lead reductor col~mn.~~ 

Uraniumvl, neptuniumvl and plutoniumvl were all prepared by evaporating the tracer to dryness 
with nitric acid and taking up the residue with 0.05M perchloric acid and 0.005N potassium dichro- 
mate. 

Neptuniumlv tracer was prepared by evaporating the neptunium tracer solution to dryness and 
dissolvine with a warm solution of 0.5M hvdrochloric acid. O.lM uotassium iodide and O.lM hvdra- 
zine hyd&chloride. Attempts to prepare neptuniumlv quantititively with potassium iodide or 
hydroxylamine or both, and by back-extraction from 2-thenoyltrifluoracetone with 8M hydrochloric 
acid did not produce solutions with the expected properties. 

Plutonium111 was prepared by evaporating the tracer to dryness and dissolving the residue in 
0.6M hydrochloric acid and hydroxylamine solution. 

PIutoniumIv tracer was prepared by evaporating the solution to dryness with hydroxylamine 
and dissolving the residue in a dilute nitric acid and sodium nitrite solution. 

Extraction procedure 
A lo-ml portion of the aqueous solution was adjusted to the appropriate pH with hydrochloric 

acid or ammonium acetate and “spiked” with a plitre portion of tracer solution in a given oxidation 
state. An equal volume of 0.4M 2-thenoyltrifluoroacetone in benzene was added and the total 
solution was shaken for approximately 10 min. The phases were separated and a 4-ml aliquot of 
each phase was pipetted into a glass tube and counted in a well crystal scintillation counter. 

Precipitation procedure 
A 25-ml portion of solution was “spiked” with a plitre portion of tracer solution in a given 

oxidation state, followed by the addition of 2.5 mg of lanthanum carrier and 1 ml of hydrofluoric 
acid. The solution was stirred for 2 min and centrifuged. The supematant solution was decanted 
and the precipitate dissolved, without washing, in a mixture of 1 ml of saturated boric and 1 ml of 
concentrated hydrochloric acid. The volume was adjusted to equal that of the supematant solution 
and gamma-ray assay was performed on both portions. 

RESULTS 

The results in Table II show that the extraction of uraniumV1 increases with an 
increase in the pH from O-4 to 4.2. UraniumIV is extracted. The extraction of the 
hexavalent form could be the result of the increase in the effective l&and concentration 
with the increase in pH on the addition of dilute aqueous ammonia 

TABLE II.-PER CENT EXTRACTION OF UIv AND 

Uv' BY 0.4M TTA us. pH IN THE ABSENCE OF 

ACETATEIONS 

PH IJrv Uv’ 

0.4 94.5 1.1 
1.7 - 73.6 
2.3 - 96.9 
3.1 - 99-3 
4.2 98.5 99.5 

Table III shows the effect of acetate concentration upon the extraction of uraniumIV 
and uraniumV1 at pH 4.2. The extraction of uraniumV1 decreases with an increase in 
the molarity of the ammonium acetate whereas uranium Iv is extracted at all molarities. 
It would take approximately 11M ammonium acetate to complex almost all of the 
hexavalent state in order to prevent its extraction by TTA. 

The per cent extraction of the oxidation states of uranium, neptunium and 
plutonium from distilled water and sea water at various values of pH are given in 
Table IV. The results are averages of at least duplicate determinations. It is seen that 
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pH 0.3-O-4 is favourable for separating the 4-oxidation states from the remaining 
oxidation states by the extraction procedure. 

TABLE III.-PER CENT EXTRACITON OF u” AND uv’ BY 

0.4M TTA vs. ACETATE CONCENTRATIONS AT pH 4.2 

Ammonium acetate, 
M 

0.55 
2.20 
4.40 
8.80 

11.00 

WV UV’ 

96.5 96.4 
95.6 35.9 
97.3 22.5 
96.8 9.7 
97.8 4.4 

In the case of uraniumIV, repeated separations performed 2 hr apart on different 
aliquots showed increasing activity in the raffinate from the extraction and in the 
supematant solution from the precipitation. Because this indicates gradual atmospheric 
oxidation of uraniumIV, the earliest recorded results have been taken as the most 
indicative of uraniumrV behaviour. 

At pH 4.2 plutoniumrrr, plutoniumIv, uraniumIV and neptuniumIV are extracted. 

TABLE Iv.---PER CENT EXTRACTION OF URANIUM, NEPTUNIUM AND 

PLUTO- OXIDATION STATES BY 0*41%-f TTA FROM DISTILLED 

WATER AND SEA WATER AT VARIOUS VALUES OF pH 

State 

UW 

W 

NpIv 

NpV1 

PH 

0.3 
1.5 
43* 

0.4 
4.3* 

-0.3 
0.3 
4+3* 

0.3 
4.1 

Distilled 
water 

93.3 
97.5 
98.8 

3.4 
4.4 

87.7 
98.7 

100.0 

0.1 
0.2 

Sea water 

94.3 
98.4 
98.7 

1.7 
3.6 

80.1 
98.8 
92.0 

0.1 
5.0 

Pd” 0.0 
0.3 
1.1 
2.0 
4*3* 

3.5 

140s 
- 
99.0 

1.2 
2.8 

7z.i 
100.0 

PuIV 0.3 95.1 96.5 
4.2* 98.2 99.5 

PUVI 0.0 0.1 5.2 
0.3 0.5 9.2 
4.2* 2.9 3.5 

* Ammonium acetate is > 1OM. 
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The per cent of each oxidation state carried by lanthanum fluoride precipitation in 
the presence and absence of uranyl ion holdback or hydrochloric acid is given in 
Table V. 

TABLE V.--PER CENT CARRYING OF URANIUM, NE PTUNIUM AND PLUTONIUM OXIDATION STATES ON 

LANTHANUM FLUORIDE FROM DISTILLED WATER AND SEA WATER UNDER VARIOUS CONDITIONS 

Distilled water 

State Without UOae+ carrier 

No HCl 1 mlofHC1 

With UO**+ carrier 

No HCl 1 ml of HCI 

IF 
IF 
NP~ 
NpV’ 
puIII 

PUIV 
PuV’ 

U” 
UV’ 
NpIv 
NP= 
PUIII 
PU’V 
Puvr 

- 2;o 
95.9 96.2 
18.2 13.4 
94.5 93.5 

so lF2 

- 
40.1 
94.6 
39.7 
96.4 
99.0 
14.0 

Sea water 

91.5 

9% 

9i.68 
- 
3.6 

97.3 

9;2 

9t.z 

70 

98.9 
34.6 
96.2 
27.9 
97.4 
99.0 
12.5 

98.2 

937.: 

9z.t 
99.0 

3.8 

96.9 

9i.f 

9:.: 
98.0 

5.0 

Here again, the uranium results, as well as those for neptunium and plutonium, 
are averages of at least duplicate determinations. No design experiments were run to 
determine the optimum amounts of uranium and lanthanum carriers. It was noted, 
however, that less than 2-5 mg of lanthanum carrier was insufficient to carry all of the 
uraniumI”. With the exception that hydrofluoric acid was the last reagent added, no 
preferred order of reagent addition was noted. Without uranyl ion holdback carrier, 
as is seen in Table V, uraniumV1 tends to coprecipitate with lanthanum fluoride from 
distilled water. The best results were achieved using both 2 mg of uranyl ion and 1 ml 
of hydrochloric acid. 

The results for neptunium and plutonium in Table IV are in general agreement 
with those of Lai, et al.l* which are presented in Table VI. 

We did not obtain any results for neptuniumv in distilled water or sea water. 
Because little difference in the behaviour of the other actinide oxidation states between 
distilled water, salt water and sea water has been noted, and because the +5-state 
should be least affected by complex ion formation, the results with sodium chloride 
solutions have been taken as being applicable to the other two media. 

It is seen from Tables IV and V that near-optimum conditions for neptunium 
oxidation state separation correspond closely to those used for uranium, namely, a pH 
of 0.4 for extraction and the use of uranyl ion holdback carrier and hydrochloric acid 
for precipitation. In the case of uranium, either the extraction at low pH or the 
precipitation method could be used to distinguish between uraniumIV and uraniumV1. 
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TABLE VI.-PERCENTEXTRACTION AND CARRYINGOF NEPTUNIUM AND PLUTONIUMOXIDATIONSTATES 
FROM SODIUM CHLORIDE SOLUTION 

State 

TTA Extraction, LaF, precipitation, ___~ 
pH 0.4 pH 4.2 

2 mg of UOz2+ 

$7 IV 

Np”’ 
PII111 
PLlIv 
PUVb 
PUV’ 

- - 

- 
97-:oo 

not extracted 
4 

97-100 o-5 95-100 96 

2b 2 
98-100 96 
97-100 96 

not extracted carried 
5-l 2& 4 

a See section on Results. 
b Predicted behaviour. 
Lai prepared neptuniumv by fusing the tracer in sodium chloride for 1 hr at 850”-875”, cooling 

and dissolving the residue in dilute hydrochloric acid. 

In the case of neptunium, because of the additional oxidation state, both methods 

must be used. The results are then interpreted as 

Np(TTA) = NpIv 

Np(Raf.) = NpV + NpV1 

Np(LaF,) = NprV + NpV 

Np(Sup.) == NpV1 

Np(Total)= NpIv + Np” + Npvl 

where, for simplicity, separations are written as being quantitative. This over- 
determined system of five equations in three unknowns can then be solved by the 

method reported by Wilson l3 in order to obtain the most consistent distribution. 
It is seen that near optimum conditions for extracting plutoniumIV or holding 

plutoniumvI in solution during lanthanum fluoride precipitation correspond closely 
to those found for uranium. In the case of plutonium, because of its additional 
oxidation state, two extractions and a lanthanum fluoride precipitation must be 
carried out. The first extraction is done from pH O-4 solution. The aqueous phase 
may then be adjusted to 4.2. 

The behaviour of plutonium v1 towards extraction did not agree with that expected 
from the results of Heisig and Hicks14 because of the acetate concentration. It appears 
that the plutoniumV1 is complexed during the extraction. 

As in the case of neptunium, the lanthanum fluoride precipitation should then be 
carried out on a separate aliquot. The results are then interpreted as 

Pu(TTA, pH 0.4) = Pu’v 

Pu(TTA, pH 4.2) = PuIIr 

Pu(Raf., pH 4.2) = Puv + Puvl 

Pu(LaF,) = PuIIr + PuIv + Puv 

Pu(Sup.) = PUVI 

Pu(Tota1) = Purr1 + PuIv + Puv + Puvl. 

Here again, separations have been written as being quantitative, and again, the 
unknowns are overdetermined. 
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DISCUSSION 

Ideally, in order to demonstrate that two oxidation states of the same tracer element 
can be separated from each other by a given procedure, is should be shown that: 

(1) tracer solutions have been prepared for each state, and that in each solution 
the given state is quantitatively maintained; 

(2) the states are not altered by the separation process, and the results of the 
separation process are not affected by the substances introduced with the tracer (e.g., 
oxidising or reducing agents); 

(3) the separation is quantitative. 

In practice, the second requirement may be modified with regard to oxidation 
state perturbation. Provided that sequential separation procedures are not utilised, 
it is only necessary that the final states be separable, and that the separated quantities 
correspond to the original distribution. For example, consider the LaF, method in 
separating the two oxidation states neptuniumIV and neptuniumvl. The neptuniumVr 
remains in the supernate and the neptuniumIV is coprecipitated. Now, if the proce- 
dure changes the oxidation state of neptuniumIV to neptuniumv, and neptuniumV 
coprecipitates when present, no error is incurred by overlooking the change, provided 
the supernate is not subjected to any further separations. The investigator must 
consider each case on individual merit and decide whether likely redox effects are or 
are not going to lead to bias in his results. 

The above ideal has been approached in varying degrees by the methods described. 
What has been achieved is a self-consistent interpretation of a series of preparation 
and separation procedures, which is also consistent with published procedures for, and 
properties of, the various oxidation states, the procedures being “nearly quantitative.” 
This interpretation is summarised in Table VII. 

TABLE VII.-SUMMARY OF OXIDATION STATE BEHAVIOUR OF URANIUM, NEPTUNIUM ANDPLUTONIUM 
ATTRACERCONCENTRATIONS 

Precipitation by LaF, 

MS+ Carried 
M*+ Carried 
MO*+ Carried 
MOox+ Not carried 

Extraction by TTA 

pH 0.4 pH 4.3 

Not extracted Extracted 
Extracted Extracted 

Not extracted Not extracted 
Not extracted Extracted, unless 

complexed 

Without further information, it is uncertain whether lack of quantitativeness in 
the separations results from the behaviour of the oxidation state, the presence of 
small fractions of other oxidation states in the stock solutions, or partial changes of 
oxidation state by the procedure. In some instances, this could be determined 
by re-extraction or reprecipitation. If the same distribution ratio were obtained for 
successive performances of the same separation, it could then be argued that the 
species was originally present in pure form. The use of inert carriers in the extraction 
procedures might serve to sharpen separations and should also be tried. 

In practiu+ for a solution containing all three elements, the following separation scheme is 
adhered to. First a 25-ml portion of the solution is made 05M with respect to hydrochloric acid and 

ZA 
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the uraniumIy, neptuniumlv and plutoniumIV are extracted with an equal volume of 0.4h4 2-thenoyl- 
trifluoracetone for 10-15 min. The pH of the raffinate is then raised to 4.3 with 11M ammonium 
acetate and plutonium111 is extracted with a second portion of 2-thenoyltrifluoracetone. The 
1anthaAum fluoride carrying step is then performed on a separate 25-ml portion of the solution 
being analysed. In rapid succession, 2 mg of natural uranium holdback carrier, 2.5 mg of lanthanum 
carrier, 1 ml of hydrochloric acid and 1 ml of hydrofluoric acid are added. Uraniumm, neptunium”’ 
and plutoniumV1 remain in the supernatant solution. Radiochemical analysis of each fraction is 
then carried out using Wish’s method. lo The results may then be interpreted using the equations 
described above, or more general equations may be used to incorporate the distribution ratios 
present. 

Acknowledgement-This work was partially supported by the U.S. Atomic Energy Commission’s 
Division of Research. 

Zusammenfassung-Der vorliegende Bericht beschreibt die Entwick- 
lung, Erprobung-und Anwending chemischer Methoden zur Ermitte- 
lung der Verteilung von Uran. Nentunium und Plutonium in ihren 
veshiedenen We%gkeitsstuf& ih whsrigem Medium und bei 
Anwesenheit in Tracermengen. Die erzielten Trennungen sind in der 
Griissenordnung von 95%. Die mitgeteilten Daten zeigen die per- 
zentuelle Extraktion der drei Metalle inihrenverschiedenen Oxydations- 
stufen durch 0,4 m 2 Thenoyltrifluoroazeton bei verschiedenen 
pH-Werten. Radiochemische Analyse wurde auf die Bestimmungen 
in den Fraktionen angewandt. 

RBsum&--Ce rapport d&it le d&eloppement, l’essai et l’application 
d’un pro&d6 chimique pour dkterminer les rkpartitions des differents 
degr&s d’oxydation de l’uranium, du neptunium et du plutonium dans 
divers milieux aqueux rl l’6tat de traces. Les dparations effect&es 
donnent une puretk de l’ordre de 95%. Les r&ultats indiquent le 
pourcentage d’extraction par la 2 th&oyltrifluorac&one 0,4 M des 
degrks d’oxydation de l’uranium, du neptunium et du plutonium ?I 
diffkrentes valeurs de pH et le pourcentage donn6 par le fluorure de 
lanthane B partir de l’eau distillke et de l’eau de mer dans diverses 
conditions. L’analyse radiochimique des parties fraction&s peut 
alors &re utilis& pour dkterminer les separations demandtes des degrks 
d’oxydation. 
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Summary-Methods are described for the preparation and handling of 
antimony electrodes of precise area and good reproducibility, and for 
the determination of potential-pH and potential-log PO, relationships 
under controlled conditions. Conditions affecting the response 
characteristics are defined and critically examined: they include the 
purity of the antimony, the history of the electrode, the temperature, 
agitation, poising, ionic strength and composition of the solution, the 
working pH range, the condition of the electrode surface and the 
oxygen-content of the solution. The marked influence of the presence 
of bufferine materials. of the condition of the electrode surface and of 
the oxygencontent of the solution are emphasised. Phosphates cause 
changes of the electrode surface. The current situation is reviewed in 
the context of the present work, and electrode mechanisms are 
discussed. 

DURING the course of fundamental investigations of the differential electrolytic 
potentiometry of acid-base reaction9 and of the polarisation of antimony electrodes,2 
the necessity arose for a close enquiry into the zero-current behaviour of antimony 
elcctrodes.3 Despite the general superiority of the glass electrode, antimony, the best 
of the metal-metal oxide electrodes, has advantages of cheapness, simplicity, robust- 
ness, ease of fabrication, cleaning and activation, comparative insensitivity to poisoning, 
low impedance, a reasonable exchange current and fast response speed, and claims 
continuing interest in many situations, such as in non-aqueous titrimetry,4 and in 
polarisation meth0ds.l The literature, however, contains much confusion and 
contradiction, and not until comparatively recently has this been recognised5s6 as 
probably arising from a lack of standardisation of conditions of preparation, handling 
and use of the electrodes, in turn the result of a lack of appreciation of influential 
factors. This derogates much of the virtue of earlier work on the subject. The present 
investigation was undertaken in the hope of resolving some of the points of contention, 
and it has been thought worth offering a summary of the current situation. To avoid 
repetition, the present work is intermingled as comment with the review. 

Preparation of electrodes 
EXPERIMENTAL 

Spectrographically pure antimony (Johnson Matthey Ltd.) is melted in a quartz crucible in air. 
A short length (the bottom) of Pyrex tubing of appropriate diameter sealed to a 5-inch length (the top) 
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of lo-ll-mm tubing is clamped vertically with the lower end just above the molten antimony. The 
tube is preheated by flaming and lowered to dip into the molten antimony, and the liquid metal is 
drawn into the tube to about 1 cm above the seal by suction applied from a rubber bulb attached to 
the top. A tight metal-glass junction results on cooling, and electrical contact is effected by pouring 
molten solder into the upper tube and sealing into this a length of tinned copper wire. The connecting 
lead is fixed at the top with wax, and a fresh surface of antimony is exposed at the bottom by cutting 
off a slice of the assembly at 90” to the tube axis with a diamond wheel. A plane surface of area equal 
to the internal cross-section of the tube is obtained. Many sets of electrodes were made of areas 
ranging from O-126 cmp to 0.00102 ems, mean diameters being determined by a vernier microscope. 
Matched pairs of micro electrodes are made by drawing out a thick-walled capillary, cutting in the 
middle and sucking antimony into the two sections. Larger, cylindrical electrodes are made by 
cutting back the glass sheath to expose a rod of metal. 

Electrodes are usable immediately after sawing, or may be aged (oxidised) by storage in water. 
No pre-treatment other than wiping with tissue before use has been found necessary-a process now 
meeting with general acceptance.’ Electrodes are never allowed to dry out. 

Reagents 

Water, of chloride, nitrogen and silica content less than lo-%W, prepared in a quartz stilJ8 is 
boiled out in borosilicate glass, handled under nitrogen in polythene, and rote&d from carbon 
dioxide as previously described.’ This water, never stored for more than 36 K. , IS used throughout 
the experimental work and for the preparation of all solutions. 

Carbon dioxide-free perchloric acid solutions are prepared as required by dilution of standard&d 
O.lM solutions prepared from the 72% AnalaR acid. 

Barium hydroxide solutions are prepared as before.’ 
The background electrolytes, usually potassium chloride, occasionally sodium sulphate, of 

AnalaR grade, are selected for neutral reaction. Buffer and other materials are of AnalaR grade. 
Calibrated glassware is used throughout. 

Procedure 

(a) Potential-pH measurements: A 400-ml beaker is charged with 200 ml of water and 0.5 g of 
potassium chloride (=O.O3M) and fitted with a cover carrying a mounted set of three (or more) 
antimony electrodes, a calibrated E.I.L. GHS23 lithium-barium glass electrode, the salt bridge, 
terminated with a low leakage rate ceramic plug, a high-capacity saturated calomel cell of area 30 
cma, a burette and a gas inlet which so dips into the solution that gas bubbles do not reak on the 

R electrode surfaces. Coating the beaker with hard paraffin wax to obviate attack of t e glass and 
dissolution of alkali was found to make no difference to the results. The solution is magnetically 
stirred just at cavitation speed with a FTFE-coated paddle of a length just less than the diameter of the 
beaker. The potentials of the electrodes with respect to the reference electrode are read on an E.I.L. 
model 23A pH meter, from which a Cambridge DE 2-set recorder is driven. By means of helipots, 
the recorder scale can be expanded and backed off to provide more sensitive discrimination and to 
observe potential drift. Scale expansion to incipient noise level can also be used to overcome recorder 
dead space in establishing the attainment of equilibrium and in examining low drift rates. Electrode 
circuits are selected by a Doran high impedance switching unit. An interval of at least 30 min is 
allowed for potential equilibration at each pH value, and the pH is changed by addition of increments 
of O.OOlM perchloric acid or OWOSM barium hydroxide from the burette. More concentrated 
solutions are used outside the pH range 4-10. Supplementary results are provided from numerous 
perchloric acid-barium hydroxide titrations. 1 A vigorous stream through the solution of the 
appropriate gas at constant pressure is maintained throughout. 

(b) Variation of partial pressure of oxygen: As in (a), with the addition that pure oxygen and 
“oxygen-free” (white spot) nitrogen are passed through separate banks of calibrated rotameters 
of sizes such that a nominal variation from 0.1% to 100% of oxygen in the gas stream bubbling 
through the solution can be effected. The gas flow from the cylinder reducing valves is further 
regulated by calibrated needle valves. The attainment of potential equilibrium is observed on the 
recorder trace, and a series of measurements is started with the lowest required oxygen partial 
pressure because equilibration is much more rapid in the direction of increasing oxygen concentra- 
tion. 

Each series of experiments was replicated many times, both with the same and with fresh electrodes 
and/or solutions, and each run was carried out with at least three electrodes. Replicability is discussed 
below. Sets of results are illustrated graphically in Figs. 1 and 2. The laboratory was thermostatted 
at 20”. The pH values indicated by the glass electrode agreed with those calculated from solution 
composition. 
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REVIEW, RESULTS AND DISCUSSION 

Factors recognisedg as affecting the performance of antimony electrodes in aqueous 
media are: 

(a) the purity of the antimony and the history of the electrode; 
(b) temperature and agitation of the solution; 
(c) the poising, ionic strength and composition of the solution; 
(d) the working pH range; 

and (e) the oxygen content of the solution or partial pressure of oxygen in the 
atmosphere in contact with the solution. 

It is therefore necessary to describe meticulously the preparation, handling and 
conditions of use of the electrodes if the results are to be of significance and their 
validity is to be appraised. The factors will be discussed as grouped above. 

Potential-governing equilibria of metal-metal oxide electrodes 

Imprimis, as a metal-metal oxide electrode, it is tacitly assumed that the following 
equilibria are applicable : 

Sb,O, + 3H,O + 2Sb(OH), (1) 

Sb(OH), + Sb3+ + 30H- (2) 
whence the solubility product Ssr+, is 

S s,,o, = [Sb3+][OH-I3 = [Sb3+] g3 (3) 

and that the electrode responds to antimonynr ions by the Nernst relationship 

E = Eosblsba+ + $$oge Pb3+l (4) 

From (3) and (4) 

W+13 
E = Eosblsbs+ + g loge Ss,+,,s - 

KW3 (5) 

x E RT Ssbnog RT 
osb/sbs+ + - Qe - 3F Kw3 + 3F loge W+13 (6) 

The first two terms on the right hand side of (6) are assumed to be constant, and may 
be combined as the single term E,‘, so that 

2.303RT 
E = Eo’ + R;log, [H+] = E,’ - 7 pH (7) 

DISCUSSION 

Equilibria (1) and (2) can be strongly challenged. The hydration process is undoubtedly 
complex, and strongly dependent on conditions; it may be represented by 

aSb,O, + (3a - 2b)H,O + 2Sb,O,(OH)(,,_,,, (8) 

and it is unlikely that Sb3+ ions will be formed, of a concentration adequate to control 
electrode potentials, the over-all ionisation being either 

Sb,O,(OH),,-2,) + Sb,O,(s”-Zb)+ + (3a - 2b)OH- (9) 
or 

Sb,O,(OH)o,,, + Sb,0~3,_-2bj(3a-2b)- + (3a - 2b)Hf (10) 
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with an isoelectric region of overlap of the two modes of ionisation, which are them- 
selves complex equilibria. This does not affect the pH dependence, because the 
relevant term in either case resolves to 

RT 

(3a - 2b)Ploge [H 
+ w-2b) = Flog, [H+] 

I (11) 

but the constancy of the term I?,,’ is no longer assured, and the second term in (6) 
may well vary with conditions. This possibility has not received sufficient attention 
in the past, but suspicion has recently been turned upon the constancy of normal 
electrode potentials.’ 

(a) Purity and history of the electrode 

After early confusion, Perley’s careful work established the detrimental effects of 
traces of copper, which are now confirmed; but otherwise antimony is comparatively 
insensitive to impurity,6 notably to arsenic and sulphur.1° Many methods of prepara- 
tion have been examined.6J1 Electrodeposition gives variable quality6 because of 
deficiency of oxygen in the metal lattice, inclusion of electrolyte (cj “explosive” 
antimony12) and variable surface activity. Casting in air is found to give the most 
satisfactory electrodes. Compression of mixtures of powdered metal and oxidell has 
been advocated for ensuring uniform distribution of oxide. 

Pretreatment to secure a clean reproducible surface by electrolysis,13 chemical 
activation,13 abrasion14 and scraping15 has been advocated; simple wiping with tissue 
has been found perfectly satisfactory. Electrodes after drying out, or prolonged 
storage in aerated water, behave erratically when returned to use because of too thick 
an oxide film on the surface. Activity is quickly restored by the differentiating current 
in DEP,l so that cathodic polarisation at ~10 ,LJA cm-2 is effective; but 
normal practice is to saw a thin slice off the end of the electrode to expose a fresh 
surface. The electrode is then used immediately, or after ageing for 24-48 hr in 
aerated water. Electrodes are not exposed to solutions outside the pH range 2-10, 
otherwise marked hysteresis occurs. Electrodes prepared and handled as described 
show good reproducibility (-J= 5 mv). No specific area effects16 have been observed. 

(b) Temperature and agitation of the solution 

The scant work on temperature effect&’ indicates far from theoretical behaviour 
at temperatures above 30”, and no consistent theory has been advanced to account 
for the deviations. The present work has been confined to a temperature of 20”, but 
polarisation measurements up to 50” have been analysed.2” 

Stirring affects the electrode potentials. g~14*18 The effect has been reviewed,” and 
Gatty and Spooner have plausibly applied the local action theory of corrosion.s The 
electrode surface consists of anodic (bare metal) and cathodic (oxide layer) sites, and 
the advent of dissolved oxygen increases the proportion of cathodic sites, causing a 
positive potential drift. Stirring either increases the rate of diffusion of oxygen to the 
bare metal, to increase the proportion of cathodic sites causing a positive deviation, 
or enhances anodic dissolution to expose more bare metal, causing a negative drift; 
both effects have been observed under appropriate conditions.g The versatility of the 
theory makes it difficult to prove or disprove the interpretation of a given observation. 
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(c) Poising, ionic strength and composition of the solution 

Poising: Perley14 alone appears to have observed that the potential at a fixed pH 
differs in the presence or absence of buffering substances. That good linear plots of 
near theoretical slope result from calibration of the electrode in a series of buffer 
solutions is no guarantee that the behaviour will be similar in unpoised solutions, or 
in solutions of low buffer concentration or low ionic strength. For example, at pH 7 
and 20” in a pure oxygen atmosphere, the antimony electrode potential with respect 
to the SCE was -320 mv in unpoised solution. Addition of ammonium acetate 
(pH 6.98) lowered the potential to -356 mv. In ordinary nitrogen (~1% oxygen) 
these potentials became -405 h 5 and -411 f 2 mv, respectively. Change of 
atmosphere may cause a change in electrode reaction,gv20 or removal of oxygen 
overvoltage;20 but the negative shift on addition of buffer is unlikely to be caused by 
reduction of the solubility of oxygen on the addition of electrolyte6 because the high 
supporting electrolyte concentration ensures that the ionic strength is hardly altered. 
The concentration of ammonium acetate is not critical; variation from 0.005M to 
0.03M made no significant difference to the potentials. 

Ionic strength: Effects claimed to result from changes in ionic strength14p21s22 can 
more probably be ascribed to adventitious addition of impurities with the electrolytes, 
to change in hydrogen ion activity, or to change in oxygen solubility,‘j or, at low ionic 
strengths, to activation overpotential. 

Composition of solution: Oxidising, reducing or complexing (particularly oxygen- 
ligand) substances will naturally affect the potential of the antimony electrode by 
upsetting the equilibria on which it depends. For example, buffers containing tartrate 
or citrate must be avoided.23 Silver24 and copper ions, and, presumably, other metal 
ions, such as mercury, displaceable by antimony, produce abnormal potentials. The 
effect of phosphate ion is discussed below. 

(d) Working pH range. Potential-pH relationships and E,’ values 

Linearity, slope and range of response: The reasonably linear pH response has 
repeatedly been affirmed, but it is generally recognised that the useful range is limited 
to pH 1-12, and that excursions to these limits give rise to hysteresis, so that the 
electrode functions best in the range pH 3 to 10. Most results refer to calibration in 
aerated buffer solutions. Perley, however, has shown l4 that different slopes for the 
emf-pH plot result, depending on whether the solution pH is greater or less than 8: 
a break occurs in the region around neutrality. Others have noted this phenomenon.15 
The emf-pH plots of Fig. 1 show that for unbuffered, oxygenated solutions, the 
antimony electrode yields a line of slope 58 mv/pH unit over the range pH 3-6 in 
agreement with Perley’s results; but the plot becomes non-linear at higher pH values,25 
and shows a flat portion over the range pH 6.5-7.5, somewhat resembling that 
observed by Kolthoff and Hartong. l5 Under ordinary (~1 y0 of oxygen) nitrogen, 
the slope in the region pH 8-11 is 52 mv/pH unit, again in agreement with Perley’s 
results. The effect of oxygen is greatest in unpoised neutral or weakly alkaline media, 
and addition of buffer causes an immediate negative shift of potential towards the 
value in nitrogen. The change in slope could well indicate a change in active ion from 
hydrogen to hydroxyl, i.e., a change in electrode order, as happens with silver-halide 
systems,16 or of electrode reaction [c$ refs. (9) and (IO)]. 
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Formal potential, E,,’ : Assuming that equation (7) is valid, extrapolation of the 
emf-pH plot should give values for Es’, but in practice the extrapolation extends 
over 2-8 orders of concentration, casting doubt on its reliability. Moreover, slopes 
vary between 50 and 60 mv/pH unit; potentials at a given pH value may vary by 
100 mv according to the conditions of measurement; and temperature coefficients are 
uncertain. The diversity of reported E,’ values6 is not surprising, and any attempt to 

PH 

FIG. 1 .-Emf-pH relationships of antimony electrodes. 
Curve A: In an atmosphere of pure oxygen. Point C illustrates the 
effect of the addition of a buffering material to the solution. 
Curve B: In an atmosphere of nitrogen containing a trace (about 
1%) of oxygen. Potentials have been converted to the hydrogen scale 

using the value 0.245 v for the SCE. 

draw conclusions from such evaluations must be approached with caution. Pourbaix 
et a1.2s give the theoretical value of E,’ on the hydrogen scale as O-167 v: most quoted 
values are about O-1 v higher. 6 Values from Fig. 1 are 0.274 v in a pure oxygen 
atmosphere, and O-245 v in ordinary nitrogen. Mehta and Jatkar,2’ surveying a large 
number of reported values, discern a tendency towards the formation of two distinct 
groups, one around O-275 v, the other around 0.25 v. It is tempting to ascribe the 
higher value to determinations in aerated or oxygenated solutions, and the lower to 
de-aerated solutions; but the correlation is vitiated by certain exceptions and by 
lack of definition of experimental conditions. 

Under customary conditions, the electrode does not accord with the simple 
concept (7), but does approach theoretical behaviour under strictly anaerobic condi- 
tions17*2s for which E,’ values of 0.16 v have been reported, and deoxygenation shifts 
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the potentials towards the theoretical values. The electrode reaction must therefore 
be complex rather than simple, e.g., (8), and may be a mixed process. For instance, 

2Sb + 3H,O + SbBO, + 6Hf + 6~ (12) 

gives a potential linearly dependent on pH, and an E,’ value of 0.16 v, while 

0, + 4H+ + 4~ + 2H,O (13) 

gives the same pH dependence and an E,, value of 1.23 v, but the potential is also 
dependent on log Po4. At a constant partial pressure of oxygen, the electrode should 
show a linear pH response, with an E, between 0.16 and I.23 v, depending on the 
partial pressure of oxygen and the state of the electrode surface. Several theories 
attempt a more detailed mechanistic explanation,s920 probably the most successful 
being the local action theory of corrosion; but none has yet been completely vin- 
dicated. Clearly, however, the buffering and oxygen content of the solution are 
intimately involved in the response of the electrode, and the E,’ value is a function of 
conditions of use. 

(e) Oxygen response of antimony electrodes 

Most reports refer to aerated solutions, one or two to pure oxygen or pure nitrogen 
atmospheres. Tourky and Moussa20 examined the response in carefully de-aerated 
solutions of electrodes prepared in an atmosphere of hydrogen, and found a step-like 
emf-pH plot with alternating high and low slopes showing five breaks which they 
attempted to interpret in terms of neutralisation of hydroxyl and hydrogen groupings 
on antimony oxide. No investigation of the effect of variation of oxygen content 
appears to have been reported other than those of Holmqvist2s and of Kauko and 
Knappsberg.13 From equation (13) the plot of emf against log,, PO, at constant pH 
should have a slope of 2.3 RT/4F, which Kauko and Knappsberg claim for polished 
antimony electrodes at pH 5*9,7 and 9 in phosphate and borate buffers over the partial 
pressure range of 3-100x of oxygen. Hohnqvist found an S-shaped plot with 
the potential of the antimony electrode changing rapidly at about 10% of oxygen 
and reaching constancy at high and low levels. 

Results 

E@t of bufirs: The present work was done at pH 7 in 0*03M potassium chloride, 
with or without the addition of ammonium acetate or a phosphate buffer, and sub- 
jected to manyfold replication. Typical results are shown in Fig. 2 and support 
Hohnqvist. Notable is the effect of buffers in shifting the potentials to more negative 
values and in diminishing the potential swing for a given change in oxygen pressure. 
The concentration of buffering substance in the solution is not critical, provided that 
it exceeds a minimum value of about 0.005M: determinations have been made in 
concentrations up to 0.3M without revealing any concentration-dependent effect. 
The reproducibility of the slopes is not good, but the slope aE/a logIoPoI in buffered 
solutions tends to be less than in unpoised solution. Freshly cut electrodes give lower 
slopes and more negative potentials than oxidized electrodes. 

Equilibration time: Kauko and Knappsberg attribute Holmqvist’s results to 
failure to attain equilibrium; and certainly equilibration is sluggish, especially at 
oxygen partial pressures below 10%. Accordingly, two oxygen levels falling on the 

3 
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straight portion between 0.5 % and 10% oxygen of the emf-log,, PO1 plot were 
selected, and the potential at each pressure was recorded for 6 hr repeatedly. After 
the initial rapid drift for 10 min, and a slow drift for a further 20 min, the potentials 
varied by no more than 0.25 mv. The slopes calculated from these measurements in 

> 
E -340 
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CA -360 

s 

k -380 
5 
ti 

-420 

-I 0 +I +2 

Loao pot, % 

FIG. 2.-Variation of partial pressure of oxygen at pH 7. 
Curve A: Unpoised solution, 0.03M KCl. 
Curve B: Phosphate buffer. 
Curve C: From Holmqvist’s data. 
Curve D : From Kauko and Knappsberg’s data. 

ammonium acetate, assuming linearity of the plot, were 30 mv for freshly sawn 
electrodes and 57 mv for oxidised electrodes, each of these being means of three 
separate determinations showing a maximum scatter of 3 mv. 

Discussion 

The approach to constant potential at low oxygen levels can be explained by 
postulating either that this represents the residual partial pressure of oxygen in “white 
spot” nitrogen, probably about 0.1%; or that this level represents the “failure point” 
of the electrode response,16,30 i.e., the concentration below which no further 
change in potential occurs with change in concentration of the reactive species. 
Constancy of potential at high oxygen levels is not so easily explained. Possibly in 
this region the antimony surface is fully populated with oxygen doublets, so that 
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further increase in oxygen partial pressure does not change the potential,3l a view in 
accord with the postulate of Tourky et al. 17*20 that antimony electrode behaviour is 
governed by a layer of chemisorbed oxygen on the metal surface. 

The disaccord of Kauko and Knappsberg’s results may be resolved on the basis 
of the presence of phosphate in their solutions. Electrode surfaces, even if initially 
dull and thickly coated with oxide, become bright and shiny after immersion in 
solutions containing phosphate ion. Phosphate ion evidently reacts with antimony 
oxide species, probably to form a phosphate antimonate-III ion, though no report of 
such a reaction has been traced in the literature. The measurements in phosphate 
media provide emf-logloPoa slopes closest to the theoretical value claimed by 
Kauko and Knappsberg, and indicate participation of the bare metal surface in 
reaction (13). 

The slopes of the emf-log,oPol plots vary from 20 to 60 mv depending on 
whether electrodes are fresh or aged, and whether or not buffering substances or 
phosphate ion are present, forcing the conclusion that the precise involvement of 
oxygen in the electrode reaction is condition-dependent. Processes involving one, 
two or four [reaction (13)] electrons per oxygen molecule can be written: 

with a slope of 

2H+ + 2Sb + 20, + 2~ + Sb,Oa + H,O 

aE 2.3RT 
=-; 

w~~lO~o,~T~pH F 

(14) 

6H+ + 2Sb + 30, + 6~ + Sb,O, + 3H,O (15) 

with a slope of 

aE 2.3RT 
=-; 

w~fihO~O~T,pH 2~ 

but reactions involving three electrons are less plausibly formulated: 

18H+ + 2Sb + 602 + 18~ + Sb20, + 9H20 

with a slope of 

aE 2.3RT 

w~kh~O,~T,pH - 7 * 

Values of the oxygen response slopes can be accounted for on a basis of such a 
reaction series, one or other reaction preponderating as conditions change. 

CONCLUSIONS 

When used merely as an indicator electrode for locating titrimetric end-points, 
the antimony electrode performs satisfactorily, provided that it is not exposed to 
solutions outside the pH range 2-10, or solutions containing ligands that will combine 
with, or metal ions displaceable by, antimony; but reproducible results will be 
accessible only if all conditions are rigorously standardised. 

The formal potential E,‘, and electrode slope, are dependent on the oxygen 
content of the solution, the presence or absence of buffering material and the condition 
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of the electrode surface. The oxygen response also depends on the same factors, and 
is markedly affected by the presence of phosphate. For the determination of pH, the 
response is so much dependent on conditions that the electrodes should be calibrated 
and used under as nearly identical conditions as possible. 

The method of preparation and handling which has been described gives elec- 
trodes of excellent reproducibility independent of electrode area; but the simple 
mechanism of metal-metal oxide electrodes is inadequate to describe their behaviour. 
It seems likely that equilibrium (12) combined with (13), (14) and (15), in the presence 
of oxygen, is responsible for the mixed behaviour of antimony electrodes, but the 
marked influence of buffering materials is difficult to explain. 
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Zusammenfassung-Herstellung und Handhabung von gut reproduz- 
ierbaren Antimonelektroden genau definierter Flache und Bestimmung 
der Potential-pa-und Potential-log po8-Beziehungen unter definierten 
Bedingungen werden beschrieben. Die das Ansprechen beeintlussen- 
den Parameter werden definiert und kritisch untersucht: Reinheit, 
Vorgeschichte der Elektrode, Temperatur, Rtihrung, Ionenstarke und 
Zusammensetzung der Losung, pa, Oberfllichenzustand der Elektrode 
und Sauerstoffgehalt der Wsung. Nachdruck wird gelegt auf den 
starken EinBul3 von Puffern, des Oberfllchenzustandes der Elektrode 
und des Sauerstoffgehalts der Lbsung. Phosphate verandem die 
Oberllache der Elektrode. Eine Ubersicht tiber das Verhalten bei 
Stromllutl wird gegeben und Elektrodenmechanismen diskutiert. 

R&sum&--On d&it des methodes de preparation et de manipulation 
des electrodes d’antimoine, de surface precise et de bonne reproducti- 
bilitt?, et des m&odes de mesures potentiometriques du pH et des 
relations potentiel-log PO, dans des conditions controles. Les facteurs 
susceptibles d’affecter les caracteristiques de la reponse ont Bte definis 
et Ctudies : ils comprennent la purete de l’antimoine, les ant&&dents 
de l’electrode, la temperature, l’agitation, l’bquilibration, la force 
ionique et la composition de la solution, le domaine de pH utilise, 
les conditions de surface de l’electrode et la teneur en oxygene de la 
solution. L’influence determinante qu’ont les facteurs suivants: 
presence de tampons, conditions de surface de l’electrode et teneur en 
oxygene de la solution, a CM mise en lumiere. Les phosphates per- 
turbent la surface de l’electrode. Les theories actuelles et le mecanisme 
des electrodes sont resumes dans le contexte de cet article. 
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Snnnnary-The differential thermal analysis curves of Eu&C,O& 
EuCpOp and EuCOI exhibit prominent exothermic peaks in the region 
of 420” because of the oxidation of europium11 to europiumrI’. The 
first step in the decomposition of Eu.&O&, after completion of 
dehydration, is Eu,(C,O,), + 2EuC,04 + 2C08. The reasons for 
some confficting differential thermal analysis curves of the rare earth 
oxalates obtained by various authors are explained. The europium” 
oxalate, EuCaO,.l .7Hs0, is prepared. 

INTRODUCTION 

THE oxalates of the rare earths are of special importance for the separation and 
quantitative analysis of this group of elements. There is also a wide interest in other 
aspects of the rare earth oxalates, as evidenced by the numerous investigations on 
their thermal behaviour published during the last decade. Mostly thermogravi- 
metric (TG)l and differential thermal analytical (DTA)2 methods have been employed, 
but the thermal curves obtained were complicated and their interpretation was often 
dubious. 

In a series of studies carried out in this laboratory3 the mechanism and stepwise 
decomposition of many of the rare earth oxalates has been elucidated by analysing 
the solid residues and the gaseous products formed in vacuum or in various at- 
mospheres.4 It was found that Eu2(C20Js4 and Yb2(C20Js4 were internally re- 
duced to the bivalent cation in the first step of their decomposition, at about 300” 
and 340”, respectively. In the presence of oxygen the cations were soon re-oxidised 
to the tervalent state. In vacuum or in an inert atmosphere, bivalent carbonates (or 
oxycarbonates) were found to be stable well above 400”. In the light of these results 
a re-examination of the TG and DTA curves of Eu2(&04), was thought to be de- 
sirable. A few bivalent europium salts, such as EuC,O,, EuCO, and EuSO,, were 
also prepared and their thermal curves were compared to that of the tervalent euro- 
pium salts. Disregarding minor fluctuations, the recorded thermal curves were found 
to be consistent with the previously proposed mechanisms of decomposition. 

Reagents 
EXPERIMENTAL 

EuaOs (Lindsay, code 1013,99*9 % purity) served as the starting material for all of the preparations 
examined in this work. 

Eu,0xs~5.8Ha0 (or 10 HBO): Prepared in the usual manner by precipitationwithoxalicacidfroma 
nitric acid solution4 and kept in an evacuated desiccator over phosphorus pentoxide. 

* This paper contains part of the Ph.D. thesis submitted to the Senate of the Hebrew University 
by E. L. 

405 



406 A. GLASNER, E. LEVY, M. STEINBERG and W. BODENH~MER 

EuSO, and EuCOs: Prepared as described by Cooly and Yost;& the solution from the Jones’ 
reductor was allowed to pass directly into a 4M sulphuric acid solution and the precipitated EuSOl 
was filtered, washed and dried. 

A batch of EuSO* was further digested in a 10% sodium hydroxide plus sodium carbonate 
mixture to yield the ~h-~Uow EuC08, which, after drying, was found by analysis to conform to 
the formma EuCO*-0.21H80. The infrared absorption spectrum of this preparation, by the potassium 
bromide disc method, is shown in Fig. 1. 

r I I I I I I I 

WAVE LENGTH IN MICRONS 
FIG. l.-Infrared spectra of EuCa04 and EuCO, showing absorption bands character- 

istic for the anions. 

E&&O,: Its preparation has not yet been described in the literature. Various procedures were 
investigated. On either adding the reduced solution from the Jones’ reductor to a saturated solution 
of oxalic acid (previously boiled to expel oxygen) or dissolving EuCOs in 1M hydrochloric acid and 
adding the oxalic acid to tbis solution, a beige coloured precipitate was obtained. Au elementary 
analysis* of the last preparation gave: 

C, % 

H, % 

Found 

13.08 

O-18 

Theoretical 

EuQO, EuC,O,.O+H,C,O, Eu,(C,O& 

10.0 12.64 12.68 

0.0 0.315 0.00 

and its composition is evidently undefined. 
Pouring a saturated oxalic acid solution onto the solid EuCOS 

2 
roved more successful. Evolu- 

tion of carbon dioxide, but no dissolution of the solid (which turn from yellow to a rusty red) was 
observed. At this stage two volumes of distilled ethyl alcohol were added, and the red crystals were 
filtered and dried at 90”. If no alcohol is added, the red crystals change slowly to the beige modifi- 
cation, but no similar change occurs when the dry material is contacted with water. The elementary 
analysis of the red preparation gave 886% of carbon and 1.28 % of hydrogen. Assuming that all hy- 
drogen is from absorbed water or from water of c~~~sation, the formula for the preparation should 
be EuCaOi-1=72HI0, in excellent agreement with the 886% of carbon found. This formula was 

* For which we are grateful to Mrs. M. Goldstein of the Organic Chemistry Department of the 
Hebrew University. 
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further confirmed by igniting a weighed portion of the preparation in air at 1000”: 

H, % C, % 
wt. loss 

at lOOO”, % 

Theoretical for 

EuC,0,.1.7H,O 

Found 

(1.28) 8.86 35.0 @I,03 

1.28 8.86 34.5 

The infrared absorption spectrum of this preparation, obtained by the potassium bromide disc 
method, is shown in Fig. 1. 

Eu,(SOJ~~nH,O: Crystallised from a sulphuric acid solution of Eu,O, by evaporation. It was 
collected on a fritted glass crucible and washed with a small amount of water and dry acetone. This 
product was not analysed, and it is therefore possible only to estimate its water content or surplus 
sulphuric acid, from the thermogravimetric curve. 

I I I I I I I I 1 
0 100 200 300 100 500 600 700 800 900 

TEMPERATURE “C 

FIG. 2.-Thermogravimetric curves of Eua(CaO&.lOHBO, EuCa0,*l*7Hz0, two samples 
of EuCO, (a and b), and EuCOs mixed with alumina (c). 

Apparatus 

For the thermogravimetric measurements a Stanton decimilligram model thermobalance was 
used. The heating rate was maintained at 6”/min and the furnace temperature control is generally 
correct within f2”. Samples weighing 100 mg each were taken for all of the experiments, so that 
weight losses can be directly read on the recorded thermograms in percentages. 

For the DTA measurements a Gallenkamp tube furnace, provided with a ceramic heating block 
and ceramic twin crucibles, was employed. One of the crucibles contained the sample, mostly 
weighing 500 mg, mixed with an equal weight of a-alumina (previously ignited at lOOO’), and the other 
crucible 1 g of the pure inert reference material. The rate of heating was maintained at lO”/min. 
Temperatures were measured with chromel-alumel thermocouples. The temperaturebf the alumina 
was taken as reference and recorded on a Kent multilec instrument, whilst the temperature difference 
between the two crucibles was recorded on a Kent microvolt instrument. 
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RESULTS 

Fig. 2 shows the percentage weight loss (TG curves) obtained on heating 
Eu,(C,O&, EuCsO, and EuCO, and Figs. 3, 4 and 5 the thermal spectra (DTA 
curves) of the same materials. 

Europiurnlll oxalate. There are no distinct plateaux on the thermogram of the 
tervalent hydrated oxalate (Fig. 2), but one may attribute definite compositions to the 

FIG. 3.-DTA curves of Eu&.I&O~)~~~~H,O and EuC,O,.l*7H,O. Weight 
ratio of oxalate to alumina for curve B was 1 : 2. Numbers on curves indicate 

temperatures (“C). 

decomposing sample at most points of inflection. Thus the percentage loss at A 
(350”) corresponds to the anhydrous salt Eu(C,OJ,, the decomposition of which has 
been retarded by the presence of the last traces of water. The steep slope to B (390”) 
corresponds approximately to the formation of EuC,O,, although a partial re- 
oxidation of the europium by air may have taken place. Re-oxidation and decom- 
position of the oxalate to carbonate is completed at C (4759, where the weight loss 
indicates the composition: (EuCO,),O. The decomposition to the sesquioxide is 
completed at about 650”. 

The most prominent feature of the DTA curves in Figs. 3 and 4 (inclusive of the 
EuCO, curves) is a broad and high exothermic peak at 410”-420”. For the sake of 
comparison, the thermal spectrum of La.&,O,J,~lOH,O is also shown in Fig. 5, with 
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680 

A 

409 

FIG. 4.-DTA curves of EuC0,.0*2Ha0 (a), 
and EuCO,.O.O4H,O (c). 

FIG. 5.-DTA curves of La,(CaO&~lOHpO 
in air, and of europiumrr and europiumnl 

oxalates in an atmosphere of nitrogen. 

endothermic reactions in this range of temperatures and a prominent exothermic 
peak at 680”, in good agreement with the measurements of Wendlandt et aLa Hence 
the exothermic peaks at 420”, common to the bivalent and tervalent europium salts, 
are most probably from the air-oxidation of the europium, and imply a previous 
reduction of the tervalent europium according to the equation 

Et&O& --+ 2 EuC,O, + 2 CO, (1) 

This reduction took place at a lower temperature, as indicated by the endothermic 
peak at ~300”. 

The complete interpretation of the DTA curve of Eu,(C,O,),*5*8 H,O is therefore 
as follows. The endothermic peaks below 235” are from partial dehydration. The 
peak at about 300” is a combined effect of the final dehydration and decomposition 
(reduction) according to equation (1). The latter endothermic peak terminates in a 
narrow pointed exothermic peak because of some re-oxidation of the europium, and 
is soon followed by the main exothermic peak at 415” (the pointed head of this peak 
came beyond the limits of the paper), which hides most of the endothermic effect 
from the conversion of the oxalate to a carbonate 

2EuC,O, + 0.50, ---f (EuCO&O + 2C0 (2) 
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Reaction (2) terminates in a small endothermic peak at 490” in good agreement with 
the point C on the TG curve. The last endothermic peak at about 660” also corre- 
sponds to the formation of the oxide Eu,Oa indicated by the TG measurement. Some 
of the more prominent thermal data obtained from the TG and DTA curves are 
recorded in Table I for the sake of ease of comparison. The heading of each column 
shows the composition of the residue formed at the temperature indicated. 

TABLE I.-TEMPERATURES QP FORMATION 

Sample System Euz(C20& EuC,O, Eu(COs)aO (EuC%CO, EuaO, 

TG 350 
DTA -250” 
TG - 

DTA - 
TG - 

DTA - 
Vacuuma - 

390 475” - 

300” 490” - 

450 550” - 

270” 545” - 
- - > 540” 
- - 500” 
- - 400” 

650” 
660” 
660” 
700” 

> 665” 
750” 
620” 

0 After heating at constant temperature for 24 hr. 

Europiuml’ oxalate. The similarity between the DTA curves of the two europium 
oxalates (Fig. 3) above 310” is most striking, precluding any doubts with respect to 
the assumed reduction of Eu,(C,O,)s to EuC,O, [reaction (l)] at a temperature below 
310”. The endothermic peak on the EuC,O, curve at ~270” is from dehydration 
(1.7 MH,O per formula weight), but we have no explanation for the small exothermic 
peak at ~180’. 

Fig. 3, curve B, shows another DTA run with EuQ,O, and a-alumina mixed in 
the weight ratio of 1:2. As expected, the thermal effects are less pronounced, but 
better resolved in this case; three exothermic peaks are followed by three endother- 
mic peaks, all at temperatures corresponding to those which may also be observed on 
curve A with the 1: 1 mixture. 

Two more DTA curves, one of EuC,O, and one of Eu,(C,OJ,, obtained on 
passing a current of nitrogen through the cylinder which contained the double cru- 
cible, are shown in Fig. 5. The exothermic peaks were not eliminated in these ex- 
periments, but they were shifted to considerably higher temperatures. In other aspects 
the two thermal spectra are similar to the two corresponding curves obtained in air 
(Fig. 3). Hence it may be inferred that under conditions of limited access of oxygen, 
the exothermic oxidation of europiumII to europiumlI1 is completed at 560” and at 
640”, when the initial salts were Eu,(&O&*5*8H,O and EuC,O,~I~7H,O, respectively. 

On the thermogram of EuCsO, (Fig. 2), no change of weight corresponding to the 
DTA peaks up to 420” was observed. (Apparently the alumina admixed with the 
sample in the DTA experiments assists dehydration and consequently promotes the 
whole sequence of the decomposition reactions.) Decomposition starts at 450°, with 
a steep loss of weight (19.5 ‘A). The plateau between 550” and 630” indicates the 
stability of the intermediate oxycarbonate (EuCO,),O, which again decomposes in 
one step to the oxide Eu,O,. The agreement between the latter half of the TG and the 
DTA curves is good. 

Europium” carbonate. Three thermograms of the decomposition of EuCO, are 
shown (Fig. 2): (a) the analysed sample which contained 0.21 M H,O per formula 
weight, (b) another preparation which contained only about 0.04 M H,O, and (c) a 
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sample of the latter preparation admixed with an equal weight of alumina, as in the 

DTA experiments. In all three cases decomposition occurred in two steps, as shown 
in detail in Table II. 

TABLE IL-COMPILED DATA OF TG RUNS ON EuCO, 

Wt. loss for Wt. loss for 
Temp;frange (EuO).#Z09, % Temp. range EulOs, % 

~-- of - 

1st step, “C Calc. Found 2nd step, “C Calc. Found 

: 
520-605 8.3 10.5 665-715 18.5 18.4 
505-550 6.9 7.5 570665 17.1 16.6 

C 455-540 6.9 8.0 555-675 17.1 17.0 

The final weight loss indicates in all three runs the formation of Eu,O, at about 
700”. On the other hand, the loss at the intermediate stage is always larger than that 
calculated for (EuO),CO,. This difference suggests that the bivalent europium has 
been only partially oxidised to the tervalent state (complete oxidation gives a gain in 
weight of 3.7 %). 

It is of interest to note the lowering of the temperature of the initial decom- 
position in sample b, containing less water, and again in run c, where the admixed 
alumina assists dehydration. 

On the DTA curve (Fig. 4) of sample a one can actually observe the endothermic 
dehydration peak at 95”, which is absent on the two parallel runs of sample c. The 
parallel runs exemplify the excellent reproducibility of these analyses. The pro- 
minent exothermic peaks at 410”-420”, which testify to the oxidation of the europium, 
occur at the very same temperature as those on the DTA curves of the oxalates. The 
absence of parallel changes of weight on the TG curve (Fig. 2, curve a) are under- 
standable if it is assumed that alumina assists dehydration and that the dehydrated 
carbonate is more prone to oxidation. (In the thermogravimetric runs there may 
also be a partial cancellation of the loss of weight from dehydration and the weight 
gained by oxidation). 

A pointed narrow endothermic peak at 500” shows evidence of another re- 
action, namely the decomposition to the oxycarbonate, proceeding simultaneously 
with the oxidation of the europium. The oxidation reaction is indeed completed only 
at 510”, as indicated by a second pointed exothermic peak. The final decomposition 
to the oxide was shifted to higher temperatures (750”) in the DTA experiments as 
compared with the TG experiments (see Table I). 

It should be emphasised that on heating EuCO, at temperatures above 400”, 
the evolving carbon dioxide may oxidise the europium to the tervalent state, even in 
the absence of air. This is illustrated in Table III, which shows the composition of 

TABLE IIL-COMP~S~~ION OF GASES EVOLVED FROM EuCOs ON HEATING 

Temp., 
“C 

wt. of 
sample, 

“?g 

Expected 
total 

pressure, p iu (CO,) 

Partial pressures 

/I (CO) CO*, % CO, % 

400 3,47 62.8 15 12 23.9 19.1 
620 5.33 96.5 54 41 55.9 42,5 

1000 7.48 135.4 62 62 45.8 45.8 
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FIG. 6.--Thermogravimetric curves of europium” and europium”* sulphates. Arrows 
indicate ordinate scale to he used. 
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FIG. 7.--DTA curves of europium” and europiumlrt suIphates. 

the gases accumulated in the vacuum apparatus after heating for 24 hr at the in- 
dicated temperatures. 

At 400“ the residue approximates to the composition of the oxycarbonate 
(EuO),CO,, while at 620” the decarbonisation is complete, but the oxidation of the 
europium seems to be 100% only at higher temperatures. 

The TG and DTA curves of the europium sulphates are shown in Figs. 6 and 7. 
On the thermogravimetric curve of EuSO, the oxidation of the europium is indicated 
by a slow continuous increase in weight up to 830”. At this point decomposition of 
(EuSO&O sets in, proceeding at an increased rate from 910” upwards, to form the 
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oxysulphate (EuO),SO, at 950”. The oxidation peak at 870” and the endothermic 
peaks at 940”-960” on the DTA curve are in good agreement with this interpretation. 

The thermal decomposition of Eu,(SO&,, among other rare earth sulphates, has 
been recently studied by Nathans and Wend1andt.s The starting points for the de- 
composition of the anhydrous salt indicated by our curves are: 880” (870°, TG) and 
855” (810”, DTA) (the results of Nathans and Wendlandt are given in the brackets). 

The dehydration of our hydrated sample proceeded in three steps, indicated by 
three endothermic peaks at 130”, 180” and 420”, and by the corresponding changes in 
the slope of the weight-loss curve. 

An additional endothermic peak at 780” is inexplicable, considering the level 
plateau between 500” and 880” on the TG curve. 

There is an intermediate plateau on the TG curve, between 300” and 360” at about 
37 % weight loss, which suggests the intermediate composition Eu,(SO&-H,SO,*H,O 
and the formula Eu,(SO&,*H,SO,*24H,O for the initial sample. 

DISCUSSION 

The DTA curves of Wendlandt et al. for the rare earth oxalates2 show, as a rule, 
endothermic peaks in the temperature range 350”-600”, with the exception of 
Eu2(C20Ja which exhibits a prominent exothermic peak at 390”. In contrast, Blum and 
Maguire’ obtained with the oxalates of yttrium, lanthanum, neodymium, samar- 
ium and gadolinium a series of exothermic peaks in the same range of temperatures, 
and stated that “the curves could be re-run with extremely good reproducibility”. 

Claude& in a thesis* on the thermal decomposition of thorium oxalate, investi- 
gated the occasional appearance of an exothermic peak in the region of 400”, ob- 
served by Padmanabhan et al., g but absent on the curve of Wendlandt et al. Claude1 
attributes the exothermic reaction to the air oxidation of carbon monoxide evolving 
from the decomposing oxalate (catalysed by thorium dioxide). He demonstrates 
that the oxidation is promoted by a metallic container and the use of alumina (ab- 
sorbed oxygen) as the inert diluent, while in an atmosphere of nitrogen only an 
endothermic peak was obtained under any condition. Hence, it seems plausible that 
Blum and Maguire’s experiments were carried out under exceptionally good oxidising 
conditions. 

A comparison of the La,(C,O& curves shows that our experimental conditions 
were very much the same as those of Wendlandt et al., the exothermic peak from 
the oxidation of carbon monoxide or deposited carbon, appearing at 680” (Fig. 5). 
The same curve is reproduced on flushing the apparatus with nitrogen, and it is 
supposed that the oxygen adsorbed on the alumina serves as oxidant in this case. 

It is interesting to note that, particularly in the case of La,(C,OJ,, there is no 
exothermic, but a broad shallow endothermic peak in the region of 700” on Blum 
and Maguire’s DTA curve. Evidently, all carbon monoxide and carbon has been 
burned away below 600”. 

Attribution of the prominent exothermic peaks at 420” on the thermograms of the 
salts of europium to the oxidation of europiumII to europiumIII is, therefore, the only 
straightforward conclusion to the above considerations. In the case of Eu,(C,O&, 
reaction (1) obviously precedes all other reactions in the consecutive steps of de- 
composition,4 and hence the great similarity between the thermograms of the euro- 
piurn” and europiumI” oxalates above 400’. 
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By flushing the DTA chamber with nitrogen, the oxidation of europiumrI to euro- 
piumlrl could not be prevented, but it proceeded at a slower rate and was shifted to 
higher temperatures. The probable source of oxygen in this case was the gas ad- 
sorbed by the bulky alumina powder, yet the infiltration of some air with the stream 
of nitrogen cannot be excluded. The oxidation of europiumII in EuSO, is rather slow, 
and the exothermic peak on the DTA curve appears only at 870”. On the TG curve, 
on the other hand, the continuous gain in weight is clearly discernable. Hence, the 
proneness of the europiumII salts to oxidation appears to be in the following in- 
creasing order: EuSO, < EuCsO, < EuCO, < EuO. 

In conclusion, it should be remarked that DTA curves may supply useful in- 
formation only in conjunction with data from other methods of investigation. 
Unexpected complications that might arise are well exemplified in the case of the 
oxalates. In a well aerated apparatus the evolving carbon monoxide may be oxidised 
at a comparatively low temperature (--400°),4 but the sample will overheat only if 
the oxidation takes place in the bulk of the material. With a limited supply of oxygen 
disproportionation occurs and the exothermic peak is shifted to a temperature above 
6OO”, when the deposited carbon burns away. The exothermic peak from the oxi- 
dation of europiumI’, on the other hand, is not subject to such irregularities. 

Zusammenfassung-Die DTA-Kurven von EuB(CaO&, EuC,O, und 
EuCOI, zeigen urn 420” deutliche exotherme maxima, die auf Oxydation 
von Europiumn zn Europiumm beruhen. Die erste Stufe der Zersetzung 
von Eu.&O~)~ nach beendeter Entw&serung wird durch die Gleichung 
ELI&&O& -+ 2EuC,04 + 2COz beschrieben. Grtinde ftir nicht 
tibereinstimmende DTA-Kurven der Oxalate seltener Erden von 
verschiedenen Autoren werden angegeben. Ein Europiumn-oxalat 
mit 1.7Ha0 wurde dargestellt. 

R&IIII&-L~s courbes DTA des systemes [Euolr$OxQ, [Eu’Irl]Ox et 
[Eu’rn]C08 presentent des pits exathermiques importants dans la 
region des 42O”C, dfis a I’oxydation de l’ion europeux en ion europique. 
La premiere &ape de la decomposition de EuBOx, apres deshydration 
complete est dom& par l’equation 

Eu,Ox, + 2EuOx + 2COz. 

Les raisons de discordance de quelques courbes DTA d’oxalates de 
terres rares obtenues par differents auteurs sont eclaircies. Le pre- 
paration d’un oxalate, [Eu(~~)]OX . 1.7Ha0 est decrive. 
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Summary-2-Amino-4-chlorobenzenethiol hydrochloride forms a 
green precipitate with molybdenumV1 at pH 2. The precipitate 
can be extracted into chloroform and has an absorbance maximum at 
720 rnp. The sensitivity of the reaction is 0.0054 pg of molybdenum 
per cm2 for log I,/1 = 0.001. Development of the spectrophotometric 
method for the determination of molybdenum included a study of the 
effect of pH, reagent concentration, rate of complex formation and 
extraction, temperature and conformity to Beer’s law. The method 
has been applied to the determination of molybdenum in steel and 
cast iron. 

A SYSTEMATIC qualitative investigation of the reactivity of a number of aromatic 
mercapto compounds with 78 inorganic ions was undertaken utilising the spot-test 
procedure of Yoe .l It was found that 2-amino-4-chlorobenzenethiol hydrochloride 
reacts with molybdate ions in aqueous solution over a wide range of pH to form an 
insoluble green complex. The precipitate can be extracted into chloroform and other 
non-polar and polar solvents. The variables governing formation and extraction of 
the complex have been studied, and a method for the spectrophotometric determina- 
tion of traces of molybdenum has been developed and applied to the analysis of steel 
and cast iron. 

PRELIMINARY QUALITATIVE STUDIES 

2-Amino-4-chlorobenzenethiol hydrochloride hydrolyses in water to the free base, 
which is insoluble in water. The hydrochloride is quite soluble in ethanol, however, 
and a 1% solution in 95% ethanol was used to investigate the reactivity of the 
compound with metal ions. 

The reagent forms colours or precipitates with a number of metal ions. Between 
pH 2 and 10 it forms precipitates with molybdenum (green), palladium (orange), 
bismuth (orange), lead (yellow), nickel (pale green), cobalt (brown), copper (pale 
green), tungsten (white), cadmium (white) and zinc (white). The reagent also precipi- 
tates slowly when the alcoholic solution is added to the aqueous metal ion solution. 
No reaction was observed between molybdenum and the reagent between pH 1 and 4 
in the presence of a large amount (greater than lOOO-fold excess over the molybdenum 
present) of EDTA, citrate, tartrate, oxalate and fluoride, although the presence of 
excess potassium cyanide did not affect the reaction. 

The molybdenum complex can be extracted into chloroform, carbon tetrachloride, 
benzene, isoamyl alcohol, isopropyl ether and petroleum ether between pH 1 and 4. 
When freshly precipitated from aqueous solution it can also be dissolved by the 
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addition of ethanol, methanol, acetone, isopropyl alcohol, pyridine, dioxan or 
dimethylformamide. The solvents used to dissolve the precipitate all produce a clear 
solution whose green colour fades rapidly. Of the solvents used to extract the complex, 
only chloroform, carbon tetrachloride and benzene produce a green organic phase 
whose colour is sufficiently stable for spectrophotometric measurement. Under 
standardised conditions for the colour formation and extraction, the absorbance 
spectra of the complex dissolved in these three non-polar solvents are virtually 
identical with respect to both the wavelength and intensity of the absorption maximum. 
Chloroform was chosen as the extractant, because it was preferred to use a solvent of 
density greater than water. The free reagent also extracts into chloroform and 
produces an organic phase which is yellow in colour. The intensity of the yellow 
colour is dependent upon the extraction pH. 

The palladium and bismuth complexes of the reagent can also be extracted into 
chloroform, but the precipitates formed with the other metal ions mentioned pre- 
viously are either insoluble in chloroform or only slightly soluble and produce a 
colourless organic phase. 

EXPERIMENTAL 
Apparatus 

Spectrophotometers: Beckman Spectrophotometers, Models DU and DK-2, with matched 
l-cm Corex cells. 

pH meter: Reckman Model G, with general-purpose glass electrode. 

Reagents 
2-Amino-4-chlorobenzenethiol hydrochloride: Obtained from Eastman Kodak (No. 3279) in the 

form of pale yellow crystals. It is only slightly soluble in water, and was used as a 4% solution in 
95 % ethanol. The pale yellow solution becomes deep yellow over a period of several days and appears 
to undergo slow decomposition. The reagent solution was therefore prepared fresh every 2 days. 

Standard molybdenum solution: 1.840 g of dry ammonium molybdate, (NH,),Mo,O,, * 4Ha0, 
(‘Raker Analyzed’ A.C.S.) was dissolved in distilled water and diluted to 1 litre. The solution was 
standardised by precipiting the molybdenum with a-benzoinoxime, igniting the precipitate and 
weighing as the oxide.8 The 1000 ppm of molybdenum vr standard stock solution was diluted as 
required. 

Buffer solutions: Clark and Lubs buffers were used throughout. 
Na,H,EDTA (disodium salt of ethylenediaminetetra-acetic acid): 3 % aqueous solution. 
Solutions of diverse ions: Reagent-grade salts were used to prepare solutions of various ions. The 

solutions were made to contain 1 g of the ion per litre of solution. 
All other reagents were analytical reagent grade. 

Preparation of calibration curves 
(a) Pure solution: Transfer 0, 1.0, 2.0, 3.0, 4-O and 50ml of standard molybdenum solution 

(10 pg of MO per ml) to 50-ml separating funnels. Add 3 ml of pH 2.2 buffer solution and dilute 
each solution to 10 ml with distilled water. Add 0.25 ml of 4% 2-amino-4-chlorobenzenethiol 
hydrochloride reagent solution, mix, and allow to stand for 15 min. Add 10.0 ml of chloroform 
and shake vigorously for 1 min. When the phases have separated, measure the absorbances at 
720 rnp using a chloroform blank. 

(b) Steel analysis: Transfer 0, 1.0,2.0, 3*0,4*0 and 5.0 ml of the standard molybdenum solution 
(10 pg of molybdenum per ml) to 50-ml separating funnels. Add to each funnel a volume of ferric 
chloride solution (10 mg/ml) which contains approximately the equivalent amount of iron to that 
present in the steel or cast iron sample. Add just sufficient 3 % Na,H,EDTA solution to complex 
the ferric iron added, and add 5 ml of pH 2.4 buffer. Dilute each solution to the same volume with 
distilled water. Add 0.25 ml of 4% 2-amino-4-chlorobethiol hydrochloride solution, mix, and 
allow to stand for 15 min. Add 10-O ml of chloroform and shake vigorously for 1 min. Measure the 
absorbances of the chloroform phases at 720 rnp against a reagent blank. 

Preparation of samples for analysis 
Dissolve the sample (0.2~@5 g) in a mixture of 10 ml of hydrochloric acid and 3 ml of nitric acid. 

Evaporate the solution to small volume, dilute with 10 ml of water and boil. Dilute the solution 
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to 40-50ml with distilled water, adjust the pH of the solution to 1.5-2.0 with dilute aqueous 
ammonia solution, transfer the solution to a 100~ml volumetric flask, and dilute to volume. Take a 
l-ml aliquot of the solution for analysis, and, assuming the sample to contain 100% ferric iron, add 
the required volume of 3% Na,H,EDTA solution (0.45-1.2 ml) to complex the iron present. 
After the addition of the buffer and reagent, determine the molybdenum content as described for 
calibration curve (6). 

The conditions, the volume of the solution, pH and time of shaking, etc., should be carefully 
controlled in order to obtain good reproducibility. 

DETERMINATION OF OPTIMUM CONDITIONS 

Spectral characteristics 

The absorbance spectra for 2-amino-4chlorobenzenethiol and its molybdenum 
complex in chloroform are shown in Fig. 1. The molybdenum complex has a well- 
defined absorption maximum at 720 rnp. The reagent exhibits no absorbance at 720 
m,u, and only begins to absorb appreciably at wavelengths less than 450 rnp. The 720 
m,u absorbance maximum is suitable for spectrophotometric absorbance measurements 
and no reagent blank is required. 

Wavelength, mp 

FIG. l.-Absorbance spectra for (I) reagent and (II) molybdenum complex against 
chloroform at pH 2 (20 pg of MO). 

ESfect of pH 

(a) Complex formation. Curve (I) in Fig. 2 shows the effect of pH on the formation 
of the molybdenum complex in aqueous solution. A constant large excess of reagent 
solution was added to buffered solutions containing 20 ,og of molybdenumv’, and the 
mixture was allowed to stand for 15 min. The solutions were then brought to pH 1 by 
the dropwise addition of dilute hydrochloric acid, and extracted with 10 ml of chloro- 
form for 1 min. The absorbances of the chloroform extracts were measured at 720 m,u 
using a chloroform blank. The optimum pH for complex formation is at 1-9-3.3. 

(b) Solvent extraction. Curve II in Fig. 2 shows the effect of pH on the extraction 
of the molybdenum complex into chloroform. The precipitate of the complex was 
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formed at pH 2.8 and allowed to stand for 15 min. The pH of the solutions was 
adjusted to between 1 and 5 by the addition of a large excess of the required buffer, 
and the solutions were shaken immediately with 10 ml of chloroform for 1 min. 
The absorbance of the chloroform extracts was measured at 720 rnp against a chloro- 
form blank. For solvent extraction the pH of the solution should be adjusted to 

0 I 2 3 4 5 

PH 

FIG. 2.-E&& of pH on absorbance at 72Om,u: (I) complex formation 
and (II) solvent extraction. 

between 1 and 2.3. The complex can also be extracted at pH < 1, in dilute hydro- 
chloric acid medium, and there is no significant variation in the absorbance with acid 
concentration when the medium is 0.1-0.3M with respect to hydrochloric acid. All pH 
values are uncorrected for ionic concentration. 

Order of addition of reactants 

The ethanolic solution of 2-amino-4-chlorobenzenethiol must be added to the 
buffered molybdenumv’ solution. Because of the precipitation of the reagent in 
aqueous solution, sufficient excess of reagent does not remain in solution to give a 
rapid quantitative reaction if the molybdenum solution is added to the buffered 
reagent solution. 

Eflect of reagent concentration and time of shaking 

It was found satisfactory to use 1 ml of a 1 y0 reagent solution in ethanol. When 
the effect of the time of shaking on the absorbance at 720 m,u was studied using this 
reagent concentration, however, it was found that the absorbance decreased consider- 
ably when the shaking time was extended above 1 min. Further investigation re- 
vealed that the decrease was related to the volume of ethanol present, and that the 
rate of decrease was considerably less when a smaller volume of a more concentrated 
reagent solution was used. As shown in Fig. 3, when 0.25 ml of a 4% reagent solution 
in ethanol was used no change in absorbance was produced when the mixture was 
extracted between 30 and 60 sec. 
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Time required for complex formation 

At least 5 min are required for the formation of the extractable molybdenum 
complex in order to obtain constant absorbance after extraction. The mixture may be 
allowed to stand for as long as 1 hr before extraction without change in the absorbance 
of the chloroform extract at 720 m,u. A 15-min standing time was adopted for 
convenience. 
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FIG. 3.-Effect of extraction time on absorbance. 

EJ&ect of temperature 

The complex formation was conducted at temperatures between 10” and 40” in a 
water bath. No significant variation in the absorbance of the chloroform extract was 
observed. 

Beer’s law and sensitivity 

The calibration curve follows Beer’s law in the range 5-45 pg of molybdenum in 10 
ml of chloroform. The optimum range for absorbance measurements on the spectro- 
photometer is 0.2-0.7 unit. With the recommended procedure these values correspond 
to 10-35 pg of molybdenum in 10 ml of chloroform. 

According to Sandell’s expression of sensitivity,3 i.e., pg of MO per cm2 for log 
IO/I = @OOl, the sensitivity was found to be O-0054 rug of MO per cm2. A more 
practical sensitivity, however, based on an absorbance reading of O-005 unit, is O-027 
,ug of MO per cm2. 

Stability 

The absorbance of the chloroform solution of the molybdenum complex was 
found to decrease by 6% after standing for 4 hr and 9% after 6 hr. The absorbance 
should be measured at 720 m,u within 30 min after the extraction. 
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Precision 

To obtain the precision of the method in pure molybdenum solutions, the same 
amount of molybdenum was determined 12 times. The average absorbance was 0.351 
and the standard deviation 0.004 or 1.1o/o. This precision, however, is not obtained 
when complex mixtures are analysed. The values for the precision of three such 
analyses are given in Table I. 

TABLE I.-ANALYSIS OF NBS SAMPLES 

NBS Sample 
MO, % Difference, ___ - 

NBS Found” % 

72a chromium-molybdenum 
steel 

Standard deviation = 0~0026 
or 1.3% 

0.202 0.199 
0,201 
0.197 
0.203 

Av. 0.200 -1.0% 

36 chromium-molybdenum 
steel 

Standard deviation = 0.017 
or 1.7%. 

1.01 I .02 
1.01 
1.00 
1.04 

Av. m +l.o% 

107 nickel-chromium- 0.687 0.678 
molybdenum cast iron 0.675 

0.670 
0.690 

Av. 0.678 -1.31% 
Standard deviation = 0.0085 or 1.24 %. 

B Each value represents the average of three aliquots in good agreement. 

Interference studies 

The preliminary qualitative investigation revealed that the most serious 
interfering ions in the determination of molybdenum were the transition metal ions. 
These ions consume the reagent and form non-extractable precipitates. Other 
interferences result from metal ions which are precipitated as their hydrated oxides at 
the recommended pH, and from certain complexing anions which interfere with the 
formation of the molybdenum complex. 

Solutions were prepared containing 20 pg of molybdenum and varying concentra- 
tions of each ion to be tested. The molybdenum was then determined by the recom- 
mended procedure. The limiting value of the concentration of foreign ion was takenas 
that which caused an error of 3% in the absorbance. This corresponds to an error of 
0.01 absorbance unit. 

The presence of a lOO-fold excess (2 mg) of the following ions caused no inter- 
ference : AP, Ba2+, Ca2+, Crs+, Fez+, K+, Mg 2+, Mn2+, NH4+, Naf, Sr2+, V022f, VO,-, 
Br-, I-, SOb2+, HSO,- and B,0,2-. A lOO-fold excess of the following caused the negative 
error given in parentheses : F- (31x), COa2- (12*5x), CNS- (6*5x), acetate (7*5x), 
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citrate (15 %), oxalate (22%), phosphate (7 %), silicate (15 %), tartrate (13 %), ascorbic 
acid (7%). A lOO-fold excess of EDTA produced less than 3% error in the absorbance. 

The following ions caused not greater than 3% error in the absorbance produced 
by 20 ,ug of molybdenum when present in the number of fold excess given in parenthe- 
ses: Au3f (5), As3+(50), Bi3+ (20), Ce4+ (40), Co2+ (O-5), Calf (2), Cu2+ (l), Fe3+ (50), 
Ga3+ (20), Gee+ (35), Hg2+ (4), Ni2+ (3), Pb2+ (25), Pd2+ (2), Pt2+ (25), Th4+ (50), 
Ww (O-5), Zn2+ (10). 

Ag+ is precipitated as its chloride. Se4+ and Te4+ give a yellow precipitate with 
the reagent which is extracted into chloroform. Ti4+ and Z14+ are precipitated and 
cause negative errors. 

Nature of complex 

The complex was isolated as a green precipitate by the addition of a slight excess of 
the reagent solution to 100 ml of lOdaM molybdate solution at pH 2. The precipitate 
was atered off, washed with a mixture of 2 volumes of ethanol and 1 volume of water, 
and dried to constant weight at 50”. The molybdenum content was then determined 
by igniting a weighed portion to molybdenum trioxide at 500”. The results of the 
duplicate analyses were 15.9% and 16.0% of MO. A 3: 1 complex of reagent to 
molybdenum requires 15.8% MO, e.g., MoO(OH).[C,H,NSCl],. 

A study was made to determine the empirical formula of the molybdenum complex 
in solution. The mole ratio method of Yoe and Jones4 gave indication of a 3 : 1 
complex of reagent to molydbenum, and the subsequent formation of ahighercomplex. 
The complex appears to be appreciably dissociated, because no sharp breaks were 
observed. The continuous variations method of Job,5 as modified by Vosburgh and 
Cooper,6 gave results in agreement with those obtained from the mole ratios studies 
and the determination of the molybdenum content of the solid complex. It seems 
that a 3 : 1 complex of reagent to molybdenum is formed and there is some indication 
of the existence of a higher complex. 

ANALYSIS OF COMPLEX MIXTURES 

The principal interferences, from a practical viewpoint, are iron”‘, copper, cobalt, 
nickel and tungsten. The permissible concentrations of these ions, with the exception 
of iron”‘, are high enough to allow the determination of molybdenum in a range of 
steel and cast iron samples. Although an appreciable excess (1 mg) of iron”’ can be 
tolerated, this value is too low to permit the analysis of these samples without masking 
or prior separation of the iron. 

An attempt was made to separate the iron by precipitation as ferric hydroxide. 
Coprecipitation errors, even after repeated precipitation by the method recommended 
by Lundell and Hoffman,’ prevented complete recovery of the molybdate. The 
interference from ironm was successfully overcome by the addition of EDTA to the 
sample solution. An appreciable excess of EDTA (2 mg) can be tolerated, but it was 
preferred to add only the required amount, calculated assuming the steel and cast iron 
samples contained 100% of iron. Under these conditions, high results were obtained 
when the sample absorbance is compared with a calibration curve obtained using pure 
molybdenum solutions. A calibration curve was produced from standard molybde- 
num solutions containing a large excess of ironIn and the equivalent amount of N+H, 
EDTA. Comparison of absorbance values against this calibration curve gave better 
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accuracy, although slightly lower precision, than when the calibration curve obtained 
from pure solution was used. 

To test the efficiency of the method, three National Bureau of Standards samples 
were analysed for molybdenum. The results are shown in Table I. 
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Zusannnenfas~-2-Amino-4-chlorthiophenolhydrochlorid bildet bei 
pH 2 mit Molybdiin(VI)-Ionen einen grilnen Niederschlag. Dieser 
kann mit Chloroform extrahiert werd& und hat ein Abiorptions- 
maximum bei 720mu. Die Emufindlichkeit der Reaktion bet&t 
0,0054 peg MO pro cma ftir log I& = 0,001. Die Entwicklung d& 
spektralphotometrischen Mo-Bestimmung schloB eine Untersuchung 
tiber paEin8tiB, Konzentration des Reagenses, Komplexbildungs- und 
Extraktionsgrads, Temperaturabhtingigkeit und Gtiltigkeit des Beer- 
schen Gesetzes ein. Die Methode wurde auf die Molybdlnbestimmung 
in Stahl und GuBeisen angewandt. 

R&m&--Le chlorhydrate de l’amino-2-cliloro-4-benzenethiol fournit 
un precipite vert avec les ions molybdene(V1) a pH 2. Le precipite 
peut &tre extrait au chloroforme et presente une absorption maximum 
a 720 mp. La sensibilitt de la reaction est de 0,0054 rg de molybdene 
par cm* pour log IO/I = 0,001. Le developpement de la methode 
spectrophotometrique de dosage du molybdene comprend une etude 
sur l’inlluence du pH, la concentration des reactifs, le taux de formation 
du complexe et de son extraction, la temperature et la conformit a 
la loi de Beer. Cette methode a Cte appliqued au dosage du molybdene 
dans l’acier et la fonte. 

REFERENCES 

1 J. H. Yoe,J. Chem. Educ., 1937,14,170. 
2 H. B. Knowles, J. Res. Nat. Bur. Stand, 1932, 9, 1. 
8 E. B. Sandell, Calorimetric Determination of Traces of Metals. Interscience Publishers, Inc., New 

York, 3rd Ed., 1959. 
4 J. H. Yoe and A. L. Jones, Znd. Erg. Chem., Analyt., 1944,16, 111. 
5 P. Job, Ann. Chim., France, 1928, [lo] 9, 113. 
6 W. C. Vosburgh and G. R. Cooper, J. Amer. Chem. Sot., 1941,63,437. 
7 G. E. F. Lundell and J. I. Hoffman, Outlines of Methods of Chemical Analysis, J. Wiley and Sons, 

Inc., New York, p. 58. 



Talanta. 1964,Vol. ll.pp.423 to 431. Pergamon Press. Ltd. Printed in Northern Ireland 

PHOTOMETRIC TITRATIONS-VII* 

THE CONSECUTIVE TITRATION OF CADMIUM AND ZINC 

H. FLASCHKA and F. B. CARLEY 
School of Chemistry, Georgia Institute of Technology, Atlanta, Ga., U.S.A. 

(Received 16 July 1963. Accepted 31 July 1963) 

Summary-Zinc and cadmium can be determined in one solution in 
the following manner. The sample is adjusted to pH 10 with an am- 
monia-ammonium chloride buffer so that the total ammonia con- 
centration is 0.02-O.03M. Murexide is added so that its amount is in 
at least 5-fold excess over the amount of zinc present. The titration 
is performed photometrically at about 450 m,u with ethyleneglycol 
bisv-aminoethylether)-N,N,N’,N’-tetra-acetic acid (EGTA) as the 
titrant. The titration curve obtained shows two breaks which are 
related to the consecutive titration of cadmium and zinc. The in- 
fluence of calcium impurities in the reagents used has been studied and 
a method of pretitration is proposed. For this purpose a small amount 
of zinc is pretitrated and then the sample solution is added. Thus the 
calcium blank is established for each titration. 

IN a previous paper of this series? it was shown that calcium and magnesium can both 
be determined from a single photometric titration curve. This is achieved by the 
addition of Calmagite2 in an amount greater than equivalent to the sum of the two 
metals, or at least to the magnesium. In that titration, Calmagite does not function 
in the usual manner as a “step indicator” but, in combination with the magnesium, 
gives a self-indicating system. Because calcium forms a stronger complex with the 
titrant (EDTA) than does magnesium, the self-indicating Mg-Calmagite system 
serves as a “slope indicator” for calcium. Thus a titration curve with two breaks 
is obtained, the first and second slope changes marking the end-points for calcium 
and magnesium, respectively. 

In the EDTA titration of zinc in ammoniacal solution with Erio T as indicator, 
the amount of pH 10 buffer added has little influence on the colour change at the 
end-point. With cadmium, however, increasing amounts of buffer pH 10 cause a 
decrease in the sharpness of the end-point. Experiments have shown that the addition 
of large amounts of ammonia pH 10 buffer to a solution containing cadmium and 
Erio T progressively diminishes the red colour of the cadmium-indicator complex 
until the pure blue of the free indicator is essentially restored. Under the same con- 
ditions, the red colour of the Zn-Erio-T complex is little affected. As expected, 
Calmagite behaves in exactly the same manner as Erio T but is preferable because it 
is stable in solution. 

From these considerations, it would seem that a Cd-Zn determination analogous 
to that used for Ca-Mg is feasible. EDTA, however, is not the appropriate titrant 
in this case because the stabilities of its zinc and cadmium complexes are almost 
identical. Ethyleneglycol bis(#?-amino-ethylether)-N,N,N’,N’-tetra-acetic acid (EGTA) 
is a more favourable titrant because its cadmium complex is stronger than its zinc 

* Part VI-see ref. 1. 
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complex, the constants being log Kc, = 16.7 and log K,, = 14*5.3 Of course, the 
apparent stability constants must be compared, and these are obtained from a knowl- 
edge of the stability constants of the metal-ammonia and metal-dye complexes. At 
the high ammonia concentrations necessary to decompose the Cd-Calmagite 
complex, the value of the BNn, -factor (pH = IO) for zinc is close to 100 times that 
for cadmium. Because the Zn-Calmagite complex is not decomposed, the Zn-Cal- 
magite /?-factor is significant, and thus the logs of the p-factors for cadmium and zinc 
will differ by more than two units. This indicates that the apparent stabilities of the 

'0 0 

FIG. I.-Absorbance curves for free Murexide (A), Zn-Murexide (B) and Cd- 
Murexide (C) at pH 10 (ammonia-ammonium chloride buffer). 

Cd-EGTA and Zn-EGTA differ by a factor somewhat greater than lo*, so that a 
selective titration should be possible. Unfortunately, however, the Zn-EGTA com- 
plex is not sufficiently more stable than the Zn-Calmagite complex, so that even a 
photometric end-point is unsatisfactory. Moreover, galvanometer drift after titrant 
addition indicated that the reaction ZnY + Cd1 + ZnI + CdY is quite slow. Chang- 
ing the titration conditions did not improve the situation, so it was necessary to find a 
more suitable dye. 

Many common metallochromic indicators were investigated and eventually Mur- 
exide was found to meet the necessary requirements. Murexide has already been 
used as indicator in the titration of zinc at pH 8-8.5 in ammonia-free solutions.* 
It was found that the yellow Zn-Murexide complex also persists in solutions buffered 
to pH 10 with ammonia provided that the ammonia concentration does not exceed 
certain limits. Also, at some ammonia concentrations where the Zn-Murexide 
complex is still formed to a considerable degree, the Cd-Murexide complex is 
largely decomposed. These qualitative findings were substantiated by later quanti- 
tative investigations. The spectral curves of free Murexide (A), its zinc (B) and its 
cadmium (C) complexes at pH 10 are represented in Fig. 1. These curves were ob- 
tained with the same total concentration of Murexide and with excess metal ions 
present to assure complete complex formation. Fig. 2 shows a plot of the difference 
curve, Zn-Murexide minus Murexide (B-A from Fig. I), to aid in the selection of an 
appropriate wavelength. The maximum difference is at 470 rnp and for highest 
sensitivity this wavelength should be chosen. In practice, however, a somewhat 
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shorter wavelength is more convenient for two reasons. Under the conditions of the 
titration an excess of Murexide is required, which would provide a considerable 
background absorbance at 470 m,u. In itself, this is no detriment, although instrument 
settings are simplified when it is avoided. A second more serious consideration is the 
instability of the free Murexide in solution. Thus, when considerable amounts of free 
Murexide are present, and no measures are taken to inhibit its decomposition, a drift 
of the galvanometer occurs. The decomposition is partly caused by oxidation of the 
dye, because it is inhibited by deaeration of the solution with nitrogen or by the addition 

FIG. 2.-Difference curves obtained from Fig. 1. 

of ascorbic acid. Part of the decomposition is caused by hydrolysis of the dye. At a 
wavelength of about 450 m,u, the difference is still sufficiently high but the absorp- 
tivity of free Murexide is so low that the influence of the decomposition of free Mur- 
exide on the optical behaviour of the system is negligible. It may be mentioned in 

this connection that, as is the case for many other unstable complexing agents, com- 
plexed Murexide is stabilised against decomposition. The yellow colour of a solution 
of Zn-Murexide persists long after the red-violet colour of a solution containing an 
equal amount of Murexide alone has disappeared. 

The difference curve, Cd-Murexide minus Murexide (C-A from Fig. l), is 
also shown in Fig. 2. Unless cadmium can be masked completely against the reac- 
tion with Murexide, the absorbance of the Cd-Murexide complex must also be con- 
sidered. (See later.) 

The conditions for a working, self-indicating system, zinc-Murexide-EGTA at 
pH 10, were established as follows. Titrations were performed using 10-5M zinc 
and 10-2M EGTA solutions in a l-cm cell with a 456-rnp interference filter. At first 
the amount of pH 10 buffer was held constant, and the amount of Murexide was 
varied. In order to obtain a straight titration curve before the equivalence point, 
at least a 5-fold Murexide excess over the zinc was necessary; larger excesses did 
no harm. Next the Murexide concentration was held constant at a sufficient excess 
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and the buffer concentration was varied. Up to approximately 0*01&f in total am- 
monia ([NH,] + [NHa]), identical titration curves were obtained. Upon addition 
of more buffer, the slopes of the titration curves decreased, as was to be expected. 
A buffer concentration of 0.OIM is not always sufficient to prevent the precipitation 
of zinc hydroxide; however, the excess Murexide keeps the metal in solution. This 
fact makes it necessary to add the Murexide to the titration solution before the sample, 
when the buffer concentration is low. 

Titrations of solutions containing both cadmium and zinc were attempted next. 

. 

0 
II I! II 111 I I 11 I I t I It 

0.04 0.06 o-12 
_O_.,i 

0 * 16 0.20 O-24 0.26 0.32 0.36 o-40 
Vol. of 2xlC3M EGTA. ml 

FIG. 3.-Typical curves obtained by titration of a sample containing cadmium and 
zinc with EGTA. 

As expected, cadmium reacts with the titrant before zinc. At low ammonia con- 
centrations (0.OIM and below), the cadmium segment of the titration curve shows an 
appreciable slope. With increasing buffer concentration, however, the cadmium seg- 
ment approaches the horizontal as predicted. The effect of buffer concentration on 
the zinc segment is less pronounced. Thus a concentration of 0.02-O-03M in total 
ammonia gives the best possible angle at the cadmium end-point without seriously 
affecting the zinc segment of the curve. The cadmium segment, of course, becomes 
steeper when the concentration of Murexide is increased. The amount of Murexide 
necessary is governed only by the amount of zinc present. When the excess of Murexide 
is not sufficient to complex all the cadmium, the titration curve is nearly horizontal 
at the beginning and then bends down to the usual cadmium slope. This, however, 
does not affect the determination because, for the location of the cadmium end-point, 
only the straight line portion immediately before the abrupt slope change is necessary 
for the extrapolation. 

Typical titration curves with sufficient excess of Murexide showing all three 
straight portions in nearly perfect fashion are presented in Fig. 3. 
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It is generally expected that with a very weak complex a curvature should be 
produced in a titration curve. Thus it is rather unexpected that, with the deliberately 
weakened Cd-Murexide complex, such a perfect straight line is obtained. Similar 
reasoning holds as for the analogous conditions of the calcium segment of the 
Ca-Mg-titration described in a previous paper of this series.l The full mathematical 
treatment of this situation is reserved for another publication, and here only a 
simplified derivation will be given. 

Consider a metal ion, M, reacting with a dye, I, according to 

M+Iz?MI. 

(Charges are omitted because they are irrelevant to the point in question.) Only MI 
is assumed to absorb at the wavelength selected. Hence 

A = &b x [MI]. 

The stability constant of the complex MI is given by 

WI 
K=[M].[I] (1) 

The following two equations must hold: 

C, = WI + [Ml (2) 

C, = WI + [II (3) 

When the dye is in considerable excess the condition Cr > C, is given and conse- 
quently also 

C, > [MU. 

Using this and substituting (2) and (3) in the expression for the equilibrium constant 
(l), one obtains 

WI 
K = (C, - [MI])C, 

Solving for [MI] results in 

[MI] = Kc1 
KC, + 1’ 

C, = const. x CM 

(4) 

and finally, 
A = Eb. const. x C, = const.’ x C, (6) 

Thus the absorbance is directly proportional to the total metal ion concentration 
regardless of how weak the complex may be. If these findings are applied to a titration 
the following reasoning holds : assume that the metal is titrated with a complex- 
ing agent, Y, and that the titration complex, MY, is of so high a stability that its dis- 
sociation can be neglected to a first approximation. Then C, in equation (6) is the 
concentration of metal ion not complexed by the titrant, and consequently a straight- 
line titration curve is obtained even with a very weak metal-dye complex. 

It is of interest to speculate in this connection as follows. Many photometric 
determinations (not titrations !) employ rather weak complexes and the procedure 
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requires “addition of a considerable excess of chromogenic agent in order to shift 
the equilibrium to virtual completion, so that a straight calibration curve is obtained”. 
It is entirely possible that there is no shift to completion at all, but rather that the 
straight calibration curve is a consequence of the situation discussed above. 

Because many other metal ions (of notable interest are lead, copper, nickel and 
cobalt) also give yellow Murexide complexes, the selectivity of the proposed titration 
is not expected to be high. Selective masking and demasking may improve the 
situation but no investigations in this direction were undertaken. Separation of 
Cd + Zn is possible by several methods (ion exchange, paper chromatography, 

I-- B-+----C 

’ 
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Vd.of 2~ 10e3 M EGTA. d 

FIG. .Q.--Calculation of an analysis of a Cd-Zn mixture using the pretitration method. 
Let A stand for the EGTA (ml) equivalent to the known amount, P, of zinc added for 

the pretitration. 
Then : pretitrated impurity of Ca * B - A ml 

Cd-ilC+Aml 
Zn^D - Aml. 

solvent extraction) so that the method described may be applied after such a separa- 
tion is effected. Only the influences of magnesium and calcium were investigated, 
because these two metals, present as impurities in the reagents used, or introduced 
by dust, may affect the results seriously, especially when small amounts of zinc and 
cadmium are to be determined. 

Magnesium was found not to interfere at all, as was to be expected from the low 
stability constant of its EGTA complex (log K = 5.4) and the fact that it shows only 
very little tendency to complex with Murexide. Calcium is titrated after cadmium and 
before zinc. The slope of the calcium segment is virtually identical to that of the 
cadmium segment so that the sum Cd + Ca is obtained at the “cadmium end-point”. 
Thus cadmium may be corrected for any calcium blank established. Unfortunately 
the calcium blank is not constant over a long period of time. Water and reagent solu- 
tions prepared in the way described in the experimental part are at the beginning 
virtually free from calcium. But on the repeated opening of the plastic bottles dust enters 
the solution and the blank becomes noticeable and increases with time. It is, therefore, 
most convenient to establish the blank for each titration via a pretitration. For this 

purpose the buffer solution containing the Murexide is placed in the titration cell 
and diluted to the desired volume. Then a small, accurately known amount of zinc 
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is introduced and titrated. After this pretitration the sample solution is introduced 
and the titration is performed as usual. The amounts of titrant required for the 
cadmium and zinc in the sample are obtained from the titration curve as shown in 
Fig. 4. This method, of course, corrects for only those impurities (calcium or any 
other metals with similar interference mechanisms) present in the reagents, but any 
calcium in the sample solution is still cotitrated with the cadmium. 

Zinc or cadmium alone may also be titrated using the pretitration technique and 
in this case the amount of zinc added initially need not be accurately known. The 
amount of metal present in the sample is obtained simply from the difference of two 
zinc end-points. 

The accuracy and precision of the method are satisfactory. Table I shows a 
selection of results for titrating zinc alone and cadmium alone, as well as zinc and 
cadmium together, using the pretitration technique. 

Apparatus 
EXPERIMENTAL 

The phototitrator described in Part II of this series was used.6 An improvement was found to be 
necessary. At the wavelength selected, strong deviations from Beer’s law were observed initially. 
These were eventually traced to insufficient monochromacy. The filter used not only passed light of 
the nominal wavelength but showed also a transmittance peak in the near infrared. Hence a heat ray 
absorbing filter was permanently positioned in the light beam behind the interference filter. Some 
titrations were initially performed in the micro cell assembly described in Part VI of this series.l 
It was then possible to titrate as little as a few ,ug of cadmium and zinc. In this case a Beckman 
Spinco ultra-microburette was employed. Again, however, serious dust problems were encountered 
under the prevailing conditions. Therefore a macro cell of 35-ml capacity and a light path of 2 cm 
were used, and the &rant was delivered from a l-ml micro burette. An interference filter of 456 m,u 
and in some cases of 444 mp nominal wavelength has employed. 

All reagents were of highest purity. 
a condenser tube of polyethylene. 

The water used was deionised water, redistilled using 
All solutions were stored in polyethylene bottles. The buffer 

solution was prepared by mixing ammonia and hydrochloric acid solutions which had been purified 
by isothermal distillation. The distillations were accomplished by placing a beaker containing the 
concentrated commercial reagent along with a polyethylene beaker containing redistilled water in a 
desiccator (without desiccant) for a day or two. The total concentration of ammonia in the buffer 
was 2M. 

Stock solutions of zinc and cadmium (about 0.1&f) were prepared by dissolving appropriate 
amounts of highest purity metal in HN09 followed by dilution with redistilled water. 

Stock solutions of chelons (of about O*lM) were prepared by dissolution of the reagent in redis- 
tilled water (a few pellets of NaOH were added, if necessary, to effect solution). 

The stock solutions were standardised by well established complexometric methods. 
More dilute solutions were prepared by quantitative dilution of these stock solutions. 

Procedure 
Place about 25 ml of water in the absorption cell. Add 0.2 ml of buffer and about 05-l mg of 

Murexide.* Adjust the light to give a galvanometer reading of about 90 S.D. (or 180 S.D. with zero 
suppressed to -100). Add 0.2-0.5 ml (exactly measured) of a 5 x lo-“Mzinc solution and titrate 
with 2 x 10-BM EGTA until the curve shows 2-3 points of the horizontal after the zinc end-point 
(see Fig. 4). Add the unknown sample and titrate again.t Plot the results and evaluate the curve as 
shown in Fig. 4. 

* It is not necessary to weigh the Murexide accurately. One may dilute Murexide by grinding it 
with sodium chloride and add a certain amount with a spoon of appropriate size. However, it is 
much simpler to add Murexide (diluted or undiluted) to the solution containing buffer until a pre- 
determined galvonometer reading is obtained. 
there is a sufficient excess over the zinc. 

The amount of Murexide is not at all critical as long as 

t For samples with very high metal contents it may be necessary to operate with a “sectioned 
titration curve”. See Part VI in this series for details.’ 
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Zusammenfassung-Zink und Cadmium k&-men in einer Losung wie 
folgt bestimmt werden. Die Probe wird mit Ammoniak-Ammonium- 
chlorid-Puffer auf pH 10 gebracht, sodass die totale Ammoniak- 
Konzentration 0.02-0.03 m betriigt. Sodann wird Murexid in 
mindestens funlfachem molaren u‘berschuss (auf Zink bezogen) einge- 
tragen. Es wird photometrisch bei 450 rnp titriert. Die erhaltene 
Titrationskurve zeigt zwei Knicke, deren erster dem Cadmium- und 
deren zweiter dem Zink-Endpunkt entspricht. Der Einfluss von 
Calciumverunreinigungen in den Reagenzien wurde studiert und 
eine Vortitration wird vorgeschlagen. Hierbei wird erst eine kleine, 
genau bekannte Menge an_Zink virtitriert und dann die Probe zuge- 
setzt. So llsst sich der Cacliunblindwert der Reagenzliisung fur 
jede Titration in Rechnung stellen. 

R&mm&--Le zinc et le cadmium pcuvent &tre doses dans une solution 
unique de la maniere suivante. L’echantillon est amen6 a pH 10 par 
addition dune solution tampon& ammoniaque-chlorure d’ammo- 
nium et composQ de telle sorte que la concentration totale en ammo- 
niaque soit de 0,02-0,03 M. On ajoute du murexide en quantitt telle 
su’elle represente un exc& d’au moins cinq fois sur la quantite de zinc 
pr6sente. Ce dosage est effectue par photometric a environ 45Om,c 
et en presence d’EDTA comme agent titrant. La courbe de dosage 
obtenue montre deux cassures correspondant aux neutralisations 
successives du cadmium et du zinc. L’ir&ence des impure& calciques 
dam les r&actifs utilises a et6 Ctudi&e et une methode de oredosaee 
proposee. Darts cc but, une petite quantite connue de zini est prz- 
do& et l’on ajoute la solution a analyser. Ainsi le taux de calcium 
dam l’essai temoin est Ctabli pour chaque dosage. 
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Summary-Sorption of Co(Phen),2+ on silica is not affected by EDTA 
or citric acid in appropriate conditions of acidity. This fact has been 
used for the selective determination of microgram amounts of cobalt. 
Desorption of Co(Phen), *+ is carried out from an alkaline aqueous- 
methanolic solution of ammonium formate, and cobalt is determined 
indirectly, calorimetrically, via ferro’ln. Special attention has been 
paid to the determination of trace amounts of cobalt in the presence of 
iron. 

As previously mentioned,l the complex of ColI with l,lO-phenanthroline (Phen), 
[Co(Phen),2+ (pK = 20*1)], can be sorbed on silica quantitatively over a large pH range 
even in the presence of EDTA and citric acid. Anionic complexes of metals with 
EDTA and citric acid are not sorbed on silica, and therefore it is possible to use these 
reagents to increase the selectivity of the sorption of Co(Phen)a2+, and thus also to 
permit the determination of cobalt. The formation of ion association complexes 
[Co(Phen)a2+, 2X-l which increases at high concentrations of X- has been similarly used 
for the desorption of Co(Phen)a2+, sorbed on silica, as well as for the desorption of 
ferroZn.2*3 Complexes of this type, where X- indicates anions of some monobasic 
acids, e.g., formic, acetic, trichloro- and monochloroacetic, are, to a certain degree 
soluble in water, and are very soluble in a mixture of methanol and water. 

After elution of the Co(Phen), 2+, cobalt is determined in the solution colorimetri- 
cally;4 the cobalt bound in the phenanthroline complex is oxidised with ironIn, and 
the concentration of the resulting ferrom is determined calorimetrically. 

This paper describes a number of intluences on the sorption of Co(Phen),2f on 
silica, and on its use for the selective determination of trace amounts of cobalt. 
Special attention has been paid to the determination of cobalt in the presence of ironlI1 
which results in the oxidation of cobaltI to cobaltIn with an excess of Phen, and the 
formation of an equivalent amount of ferrom. 

Reagents 
EXPERIMENTAL 

Silica: Silica of pore size 85 A and particle size 0*15-0.20 mm, activated at 120” was used (if not 
stated otherwise) for the sorption, which was carried out on a column of 16 mm internal diameter and 
50 mm in height. The “silica pH” was adjusted to the required value by washing with a suitable 
buffer solution. 

l,lO-Phenanthro&e solurion: O.lM: Prepared by dissolving 18 g of reagent-grade l,lO-phen- 
anthroline in hot water, acidifying with 5 drops of acetic acid and diluting to 1 litre. 

Cobalt chloride solution: 10-4M: Prepared by dissolving CoCO, (Kahlbaum, Ni-free) in a mini- 
mum amount of HCl and diluting it with water. 

Salt solutions: 1M solutions of ammonium formate, acetate, tri- and monochloroacetate were 
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prepared by the solution of the appropriate salts or acids in redistilled water, and adjusting the pH 
to 9.5 with aqueous ammonia. 

EDTA solution: 1 M: Prepared by dissolving 372 g of reagent-grade EDTA in warm water, making 
alkaline with aqueous ammonia (1: 1) and diluting to 1 litre. The pH of the resulting solution should 
be 8. 

Buffer solutions: Prepared by potentiometric neutralisation of suitable acids (trichloro-, mono- 
chloroacetic, acetic or boric acid (with aqueous ammonia) to give a final concentration of cu. 1M. 

Other solutions prepared from reagent-grade chemicals, and standard&d by recommended 
procedures. 

Apparatus 

Optical densities were measured with a Pulfrich photometer (Zeiss, Jena, East Germany) equipped 
with an arrangement for objective measuring-Elpho II. pH values were measured with a glass elec- 
trode and pH meter Multoscop V (Labor. potleby, Prague, Czechoslovakia). 

Sorption of Co(Phen),*+ on silica 

In most cases the influence of factors on the sorption of Co(Phen),2+ on silica was followed by a 
kinetic method, which was also used for analytical purposes. As already mentioned, the changes in 
the concentration of the Co” complex with phenanthroline were followed by indirect calorimetric 
measurements, via ferrom. The reaction used occurs quantitatively even in an aqueous-methanolic 
medium, under identical conditions. The procedure, except in cases mentioned explicitly, was as 
follows. 

Procedure: To a measured amount of 1O-4 or 10-8M CoCI, was added a known amount of 1M 
EDTA solution or 1M citric acid; alternatively the pH was adjusted by addition of 5 ml of 1M 
buffer solution. To this solution, 1 ml of O.lM phenanthroline was added, and after a further adjust- 
ment of the pH, the volume of the solution was adjusted to ~25 ml. The sorption on the silica column 
was carried out, after adjusting the pH of the silica, at a flow rate of about 2 ml/min. The washing of 
the column after the sorption was carried out with 25 ml of a O-1 M buffer solution with a pH of the 
same value as during the sorption, and, finally, with 10 ml of water. The desorption of the sorbed 
Co(Phen),“+ was carried out with 15 ml of ca. 1M solution of ammonium formate of pH 9.5, con- 
taining, in every 100 ml, 1 ml of 0.1 M phenanthroline* and 15 ml of methanol. 
be carried out reliably at the same rate as the sorption. 

The desorption can 
The washing of the column was carried out 

with 10 ml of water. The pH of the solution, containing Co(Phen)g*+, was adjusted with HCl(1: 1) 
to -3. One ml of 0.1 M phenanthroline was added, and 2 ml of ca. 10-8M FeCl, (containing no Fen). 
The volume was adjusted to 50 ml, and the extinction of the ferrom was measured after 15 min, in 
2-cm cells at 510 m,u, against a blank at pH 3, containing, in the same volume, the same amount as 
the sample of FeCl, and Phen. The evaluation was read from a calibration curve, obtained by adding 
to 2-15 ml of 10-4M CoCl,, 1 ml of O*lM Phen, 1 ml of 10-3M FeC13 and 5 ml of buffer solution 
of pH cu. 3, and diluting to 50 ml as in the case of the sample solution. 

RESULTS AND DISCUSSION 

Influence of pH, EDTA and citric acid 

The influence of pH, EDTA and citric acid was studied on the sorption of 295 ,~g 
of cobalt. The curves in Fig. 1 show that the sorption of cobalt is complete in the pH 
range 2-7.5 (curve l), even in the presence of citric acid (curve 2). In the solution of 
0.144 EDTA the sorption of Co(Phen)a2+ is not influenced in the pH range 6.545. 
At lower pH values, however, EDTA interferes by forming chelates. At higher pH 
values, the presence of EDTA reduces the hydrolysis of Co” (curve 3). These examples 
show the dependence of the apparent stability constants of Co(Phen)a2+ and of the Co- 
EDTA complex on pH. 

Im@ence of rate of sorption, dilution and ionic strength 

Under given conditions, the sorption of 29.5 lug of cobalt in 25 ml of solution is 
quantitative, even at a flow rate of 6 ml/min, which was, in our case, the maximum 
possible rate. 

* Phenanthroline must be present in the solution, otherwise there will be a partial hydrolysis of 
Co(Phen),2+, and its desorption is then not quantitative. 
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The influence of the ionic strength was tested by sorption of Co(Phen),“+ from 
saturated solutions of some salts of alkali metals (e.g., 295 pg of Co were sorbed with 
an error of -4.2% from a saturated solution of NaCl. 

Capacity of silica 

It was found by using a kinetic method that a silica column (50 mm high and 16 
mm in diameter) at pH 3.5 and a flow rate of 2 ml/min sorbs quantitatively as much 
as 1.16 mg of Co as Co(Phen),2+. 

Using a static method the capacity of the silica was determined in the following way: 
1 g of silica was shaken intensively for 5 hr on a shaking machine with a solution of 
5 ml of 5 x lop2 M CoCl,, 5 ml of 1M buffer solution of pH 3.5, 10 ml of 10-l A4 

I 
0 I 2 3 4 5 6 7 8 9 

PH 

FIG. I.-Influence of pH on sorption of Co(Phen),2+ on silica 

l-in O.lM buffer solutions. 
2-in O.lM citric acid. 
3-in O-1 M EDTA. 

Phen, the volume being adjusted to 25 ml. The change of the concentration of 
Co (Phen),2+ was determined calorimetrically by measuring the intensity of the yellow 
coloration of the complex at 410 m,u (pH ca. 3.)5 It was found that at pH ca. 3.5 
6.35 mg of cobalt is sorbed on 1 g of silica. During the study of the mechanism of 
the sorption,6 it was found that the capacity of silica for Co(Phen)s2+ is effectively 
unaltered in the pH range 1.5-9.5. 

The capacity of silica is inlluenced by the size of grain and of pores in the same way 
as in the sorption of ferro’in .2 These results apply to the commonly used silica (pore 
size 85 A, grain size 0*15-0*20 mm). With decreasing grain size of silica the capacity 
rises abruptly. Because of the resistance of a column of finer silica, the application to 
sorption under kinetic conditions is rather problematical. For the determination of 
trace amounts of Co- which is the aim of the work described in this paper-silica with 
a higher capacity is not necessary. The pore size in a given range does not influence 
appreciably the sorption of Co(Phen)s2+(32*65 and 85 A); larger pore silica (150 A), 
however, has a very small capacity. 
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Reagents for desorption 

Alkaline solutions (pH 95-10) of ammonium salts of some acids may be used in the 
same way as for the desorption of ferrom sorbed on silica. Instead of the more usual 
ammonium formate, it is possible to use, under the same conditions, ammonium salts 
of trichloroacetic, monochloroacetic and acetic acids. To prevent the hydrolysis of 
Co(Phen),s, the presence of phenanthroline is necessary just as when formic acid is 
used. The minimum volume necessary for the desorption under the same conditions 
was obtained when ammonium formate and trichloroacetate were used. Methanol 
lowers still further the volume of the minimum amount of elution mixture. 

Analytical application 

It is advantageous for the analytical application that the sorption of Co(Phen),2+ on 
silica is quantitative, even from solutions of high ionic strength. Very dilute solutions 
can be concentrated by sorption from a large volume and desorption by a minimum 
volume. It is possible to use the masking properties of EDTA and citric acid to increase 
the selectivity of the determination of cobalt. For a rapid determination of cobalt it 
is important that the sorption of Co(Phen),2+ on silica can be carried out reliably at a 
comparatively high flow rate and that the final calorimetric determination does not 
need a special treatment of the solution of Co(Phen)a2+, and is rapid. 

Also, the fact that the sorption is carried out on an inexpensive type of silica, 
needing no special treatment, is an advantage in the analytical application. The 
procedure for the analytical utilisation of the sorption of Co(Phen),2+ on silica is 
practically identical with the procedure for the sorption. In the sequel, only results 
will be given, and any digressions from the given working procedure. 

Reliability of determination 

With the above procedure, at pH 7, a number of determinations of 29.5 pug-l*16 
mg of cobalt were carried out, taking care to maintain the excess of phenanthroline 
during the sorption at least to ten-fold (molar). In the case of larger concentrations of 
cobalt, the solution containing Co(Phen),2+ was adjusted to a volume suitable for a 
sensitive determination of cobalt via ferrom. The results obtained show that, in the 
given concentration range, cobalt is determined with an average relative error of 
&3*7%. 

Selectivity of determination 

The influence of interfering ions on the formation and sorption of Co(Phen),2+ 
(pK = 20.1) on silica is identical to that in the case of Fe(Phen),w (pK = 21). The 
formation of complexes of cobalt” is affected especially by those ions which also form 
with Phen stable soluble complexes or less soluble ion associates (e.g., Ni, Cu, Zn, 
Cd, Hg, Ag, W, MO). The course of the sorption on silica is also affected by other 
metal ions which hydrolyse at optimal conditions, forming hydroxo complexes (which 
are also sorbed on silica), giving in water partly soluble hydroxides which inhibit the 
smooth course of the reaction (e.g., Bi, Ti, Cr, Al, Sn, Sb, etc.) 

To avoid the separation of cobalt from these interfering ions, their influence can 
be prevented, in most cases, by utilising the complex-forming properties of EDTA and 
citric acid, complexes of these reagents not being sorbed on silica, because of their 
anionic character. 
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Masking with EDTA 

In the pH range 6.5-8.5 it is possible, ‘with EDTA, to mask those metals which, 
under given conditions with this reagent, form complexes which are stable enough to 
prevent a reaction with phenanthroline or a hydrolysis. 

Working procedure: To a solution of 29.5 lug Co and of the interfering metal, an amount of 1M 
solution of EDTA is added, suthcient to bind the metal quantitatively. The pH of the solution is 
adjusted to cu. 7, the volume to cu. 25 ml, and 1 ml of O-l&f Phen is added. The sorption of 
Co(Phen),a+ and its determination is carried out according to the procedure used during the sorption. 
Metals which hydrolyse easily and do not form very stable complexes with Phen can be masked with 
FDTA to allow the determination of trace amounts of cobalt in their presence. 

In this way 29.5 ,ug of cobalt were determined in the presence of ca. 100 mg of Pb, 
Mn, Be, Zr, SC, In, La, Al, Cr or Bi with an error not exceeding f4% rel. It is probable 
that the determination of cobalt is possible in the presence of an even larger excess of 
these metals. In the case of Al and Cr it is necessary to boil the solution after adding 
EDTA-both ions react slowly with EDTA at normal temperature. During the sorp- 
tion of Co(Phen)a2+ in the presence of higher concentrations of Cr bound with EDTA, 
a sorption of hydroxo complexes of chromium occurs (a violet layer on the column); 
these are not desorbed in alkaline medium by formate, and do not influence the 
determination. The elution can be carried out with dilute acid. 

Only limited concentrations of metals which form stable complexes with Phen and 
which have stability constants nearly equal to, or higher than, the complexes of EDTA 
(Cu, Ni, Cd, Zn, Fe) can be screened. In this way 29.5 ,ug of Co were determined 
with an error not exceeding &ts% rel., in the presence of 23.6 mg of Ni, 15.5 mg of 
Cu, 225 mg of Cd and 130 mg of Zn. In the case of Cd and Zn it is necessary to boil 
and cool the solution after adjustment of pH and addition of Phen, otherwise the 
Co” complex forms, and the results are low. 

Masking with citric acid 

Citric acid does not affect the sorption of Co(Phen),a+ on silica, even at high 
concentrations. For a number of metals, pH 35-4 is optimal, as in the masking of 
metals which affect the formation and sorption of ferrom. Most multivalent metals, 
e.g., Sn, Sb, Bi, Tl and Zr, can be screened by citric acid when hydrolysis is to be 
prevented; the same applies to metals which form with Phen practically insoluble 
associates (W, MO). An excess of sodium citrate must be used in most cases to prevent 
hydrolysis, and therefore the formation of complexes with Phen. 

Procedure: For example for the determination of 29.5 ,ug of cobalt in the presence of 47 mg of 
MO (as molybdate). About 10 ml of 1M sodium citrate are added to the solution, the pH is adjusted 
to 35-4, and 1 ml of O*lM Phen is added. The sorption, desorption and determination of cobalt 
riu ferroin is carried out in the same way as before. 

With the method described, the same amount of cobalt was determined even in the 
presence of 75 mg of W and 82 mg of Bi. The relative error of the determination 
did not exceed %3*5x. 

Determination of cobalt in the presence of iron 

Special attention was paid to this case because Fen1 and Fen form with Phen very 
stable complexes, and because of the redox reactions which occurs over a large pH 



438 FRAN~~EK VYDRA 

range in the presence of cobalt, bound as Co(Phen),2+: 

Fe*(OH~~(Phen)*4~ + 2Co(Phen)a2+ + 2HPhen+ 

t; 2 Fe(Phen)a2f + 2Co(Phen),3”r -I- 2H,O (2) 

which is the reaction used for the final indirect calorimetric determination of cobalt. 
For the determination with milligram amounts of Fern, the amount of ferrom 

formed corresponds to the concentration of cobalt, which permits the determination 
of this metaP. Reaction (2) can be applied even for the con~ntration or separation of 
ferrofn from a mixture. 

With a molar ratio Fe: Phen = 1: 1, reaction (2) proceeds quantitatively, but all 
the excess of Fern bound as Fe,(OH),(Phen)44+ (which is of cationic nature) is sorbed 
along with ferroi’n, and is desorbed by ammonium formate. This phenomenon causes 
a positive error in the determination, because the yellow-orange coloration of the 
F~(OH)~(Phen~*4~ complex is measured together with the coloration of ferroin. The 
formation of F%(OH),(Phen),4+ can be considerably reduced by the presence of EDTA, 
according to the following equation: 

Fe2KW2@‘hen), 4f + 2H,Y- + 2H+7rt 2FeY- + 2H,O + 20H- + 4HPhen+, 

(3) 

which is strongly influenced by the PH. At higher pH values weaker complexes of 
FelIr-EDTA than FeY- can be formed (e.g., FeOHY2-), shifting the equilibrium to 
the left and raising the concentration of the hydro complex Ferxl-Phen in equivalent 
conditions. 

When the absolute con~ntration of Fen1 is small, and the excess of EDTA is large, 
the formation and sorption of Co(Phen)sa+ occurs in the solution at pH 6*5-8.5 in the 
presence of Phen, and the course of the determination of cobalt does not differ from 
that already described. At concentrations higher than a few mg of Fe’r’, the redox 
reaction (2) occurs even in the presence of EDTA, because the absolute equilibrium 
con~ntration of the complex Fe~(OH)~(Phen)~~ is sufficient. It is, however, necessary 
to carry out the sorption at pH 4-5, and at higher concentrations of iron a blank 
sorption experiment must be made. 

Working procedure: (a) To a solution containing 5-100 ,~g of cobalt and a maximum of 25 mg of 
Fe sufhcient EDTA is added to complex all iron, and then 50% excess. The pH of the solution is 
adjusted to 4.5, and 1 ml of @lM Phen is added. After 15 min, the sorption of ferroIn, after the 
oxidation of cobalt, is carried out, and the ferro’in is desorbed in the same way as described for the 
sorption of Co(Phen),*+. The extinction of the ferrom is measured against water, and the result is 
evaluated against a calibration curve in the same way as described above. The error in the deter- 
mination of 29.5 pug of Co in the presence of 25 mg of Ferr does not exceed 3~5 ‘A rel. 

(b) In the presence of more than 26 mg of iron a blank has to be carried out with a solution of 
the same concentration as the sample, in order to eliminate the ifiuence of the coloration of 
FeB(OH),(Rhen)4*+ which is sorbed and desorbed as ferroin. The procedure is analogous to that with 
the sample. After elution the pH is adjusted to the same value, and the resulting solution serves as a 
comparison in the calorimetry of ferroin. Jt is also possible to measure the absorption (at 510 rn& 
against water, and subtract the resulting value from the value of the extinction of the sample at the 
same wavelength. This procedure is suitable for routine determinations of cobalt with similar 
amounts of Fe (one blank is sufficient). It may be presumed that the above principle and procedure 
can be used for the determination of small amounts of cobalt in special steels. 
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Zusammenfassung-Es wurde die Sorption von Co(phen),2+ an Sili- 
cage1 studiert, welche bei geeigneten Aciditatsbedingungen weder 
durch EDTA noch durch Zitronens%rre gestiirt wird, was zur selek- 
tiven Bestimmung von yg-Mengen Co ausgentitzt wurde. Die De- 
sorption des Co(phen),a+ wurde mit einer alkalischen, wassrig-meth- 
anolischen Ammoniumformiatliisung durchgeftihrt. Die eigentliche 
Kobaltbestimmung erfolgte kolorimetrisch auf indirektem Wege tiber 
Ferroin. Besondere Aufmerksamkeit wurde der Bestimmung von 
Spuren Co neben Fe gewidmet. 

R&urn&La sorption de Co(Phen),a+ sur silice n’est pas perturb& 
par l’addition d’EDTA ou d’acide citrique dam des conditions d’aci- 
dite convenables. Ce fait a et& utilise pour le dosage s6lectif de 
quantites de cobalt de l’ordre du pg. La desorption de Co(Phen),*+ 
s’effectue au moyen dune solution alcaline composQ de formiate 
d’ammonum en solution dans le methanol aqueux, et le cobalt dose 
indirectement, par colorimetrie, par l’intermediaire de la ferrome. 
Considerations speciales sur le dosage des traces de Co en presence 
de Fe. 
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ZUR ENTMISCHUNG DER LOSUNGSMITTEL BEI 
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Institut ftir Erzforschung Praha, CSSR und Institut fiir anorganische und analytische 

Chemie der Bergakademie Freiberg (Sachsen), DDR 

(Eingegangen am 17. Juli 1963. Angenomen am 18. September 1963) 

Zusammenfamm&-Es wird der Verlauf der Entmischung der Liisungs- 
mittel als Wirkung des Tragers (Cellulose, Silicagel) untersucht. 
Durch Studium der Verhiiltnisse bei Gem&hen von Alkohol, Wasser 
und Sixlure konnte bewiesen werden, da0 es bei der Verteilungschroma- 
tographie zur Entmischung des Fliebmittels kommt und da13 der 
Verlauf dieser Entmischung von der Konzentration der Komponenten 
im ursprtinglichen Gemisch abh@t. Es wird die Hypothese ausgesp- 
rochen, daB sich an der Grenze zwischen Trgger und Liisungsmittel- 
systemeineZwischenschicht bildet, an deren Aufbau alleKomponenten 
des Lbsungsmittelsystems beteiligt sind. 

NACH der heute allgemein anerkannten Hypothese von Hanes und Isherwoodl beruht 
der Trennvorgang bei der Papierchromatographie in erster Linie auf der Einstellung 
eines Verteilungsgleichgewichts zwischen einem Cellulose-Wasser-Komplex als 
station&e Phase und dem FlieBmittel als mobile Phase. Dabei ist allerdings zu 
beriicksichtigen, da13 die Zusammensetzung des Lbsungsmittelgemischs wahrend des 
Trennvorganges nicht konstant bleibt. 

Horner, Emrich und Kirschner* verfolgten die Veriinderung der FlieBmittel- 
zusammensetzung durch das Papier auf die Weise, da13 sie in einem geschlossenen 
Raum ein Losungsmittelgemisch fiber das Papier laufen liessen und die abtropfende 
Fltissigkeit dann refraktometrisch untersuchten. Sie bewiesen dabei, da13 beim 
Durchfluh eine Entmischung des Lijsungsmittelsystems eintritt, welche durch die 
Bindung von Wasser an die Cellulose hervorgerufen wird. Andererseits fanden sie 
aber bei Gemischen von Phenol mit Wasser eine bevorzugte Sorption der organischen 
Komponente durch die Cellulose. Sie schlossen daraus, dal3 die VerhZiltnisse beim 
Aufbau der stationaren Phase nicht so einfach sind und sprachen die Vermutung aus, 
da13 ein ternarer Komplex aus Cellulose, Wasser und organischem Losungsmittel 
entsteht. 

Martin3 benutzte in seiner Arbeit die von Krulla4 vorgeschlagene Methode und 
kam damit zum SchluB, da0 das Papier Wasser aus dem Losungsmittelgemisch bis 
zur Bildung eines bestimmten Gleichgewichtes adsorbiert und da13 dabei die Cellulose- 
fasern stark aufquellen. 

Da einerseits die bisher erschienenen Arbeiten der einzelnen Autoren recht wenig 
sichere Ergebnisse enthalten, andererseits aber die Ursache fur die VerHnderung der 
Zusammensetzung des Fliel3mittels fiir den Trennvorgang und seine theoretische 
Behandlung von groBer Bedeutung ist, erschien uns eine weitere Bearbeitung dieses 
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Fragenkomplexes wtinschenswert. Dabei war zu erwarten, da13 mit Hilfe der er- 
haltenen Ergebnisse such gleichzeitig die Entstehung der 2. Front bei der papier- 
chro~to~aphischen Trennung aufgeklart werden kann. 

WAHL DER UNTERSUCHUNGSMETHODE 

Ftir die Versuche benutzten wir zunbhst die von Martin” beschriebene Methode. 
Sie besteht darin, da13 das FlieBmittel an einem bei 110°C getrockneten Papierstreifen 
im geschlossenen, liisungsmitteldampf-gedttigten Raum in tiblicher Weise aufsteigt. 
Nachdem die Fl~ssigkeitsfront eine bestimmte Hiihe erreicht hat, wird der Versuch 
abgebrochen und das Chromatogramm schnell in vorher markierte Streifen von 
2 x 5 cm zerschnitten. Diese werden sofort in getrocknete, austarierte WagegIber 
gegeben und gewogen. Durch Subtraktion der Masse des bei 110°C getrockneten 
Papierstreifens bestimmt man die Fhissigkeitsmenge auf dem Papier in den einzelnen 
Chromatogrammteilen. Durch Auswaschen mit Wasser und Titration mit 0,05 N 
Natri~ydroxidl~sung beim Studium des Gemisches Alkohol-Wasser~S~ure und 
durch Extraktion mit Alkohol und anschliel3ende Titration mit Karl-Fischer-Reagens 
beim Studium des Gemisches Alkohol-Wasser wurden die Konzentrationsanderungen 
im Verhaltnis zur Menge des Gemisches in den einzelnen Streifen untersucht. 

Abb. 1 zeigt typische Kurven, welche wir dadurch erhielten, da13 wir die Masse des 
FlieBmitteis (Athanol 3M an Salzsliure) und die Konzentration der Saure im Ver- 
haltnis zu den Rf-Werten des L~sun~~ttels verfolgten. 

1 

0.i 02 0.3 04 05 0.6 O-7 08 0.9 

RF 

ABB. 1 .-Massetiderung des Liisungsmittels (in g) und hderung der Chlorwasser- 
stoffsiiurekonzentration (bezogen auf den S%uregehalt der AusgangsI6sung) 

Aus den Kurven geht hervor, da8 mit der absoluten Masse-Abnahme des Losungs- 
mittels auf dem Papier der Gehalt an Salzsaure zunimmt. Da sich jedoch diese 
Abh~n~gkeit nicht nur im Gesamtbild der Kurve zeigt, sondern such an den Stellen, 
an denen es bei der Durchfiihrung der Versuche zu Unregelm~~igkeiten gekommen 
war, entstand der Verdacht, da13 wlhrend der Bearbeitung der einzelnen Chromato- 
grammteile eine selektive Verdampfung auftritt. Es liegt nahe, daB dieser Effekt dann 
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die Form der Kurven mafigeblich bestimmt. Das bedeutet aber, daB das Studium 
der Entmischung der FlieSmittel mit Hilfe des gewghlten Untersuchungsverfahrens 
zu fehlerhaften Ergebnissen fiihren mu& 

Urn diese Vermutung zu stiitzen, haben wir das angewandte Arbeitsverfahren 
noch etwas nZiher iiberpriift. 

Fi,ir die folgenden Versuche benutzten wir als FlieBmittel Methanol, AthanoI, 
Isopropanol und Butanol mit einem Wassergehalt von 5 Mel/l bei einem Chlorwas- 
serstoff-Gehalt von 3 Mel/l. 

Papierstreifen (Whatman Nr. I,2 x 7 cm), auf welchen mit Bleistift bei 1 und 6 cm 
Marken angebracht waren, tauchten wir mit dem unteren Ende in das zuuntersuchende 
FlieBmittel und lieBen die Front genau bis zur oberen Marke aufsteigen. Danach 
haben wir die Papierstreifen aus dem Entwicklungsgef%B genormnen, den Teil zwischen 
1 und 6 cm schnell abgeschnitten und in ein vorher tariertes Wiigeglas gebracht, 
gewogen und anschlieljend den Gehalt an Wasser bzw. Sgure durch Titration 
bestimmt. 

Diesen Vorgang wiederholten wir mit dem Unterschied, da13 wir nach Entnahme 
des Papiers aus der Entwicklungskammer die Streifen 1,2, 3,4 und 5 min an der Luft 
hgngen lieBen und sie erst dann wie beschrieben behandelten. 

Als Beispiel fiir weitere viillig gleichartig ausgefallene Versuche zeigt Abb. 2 das 
Verhalten des Gemisches Butanol-Wasser. 

Aus Abb. 2a erkennt man, daB erwartungsgetio mit steigender Lagerzeit an der 
Luft eine betrgchtliche Gewichtsabnahme festgestellt werden kann. Bezieht man, wie 
Abb. 2b zeigt, die bei der Titration gefundene Wassermenge auf die nach Abb. 2a 
vorhandene Gesamtfliissigkeit, so ist gegeniiber der Ausgangslijsung eine erhebliche 
Zunahme des Wassergehaltes festzustellen, d. h. aber, daB aus dem FlieIjmittel 
wghrend der Verarbeitung selektiv der Alkohol verdampft. 

Aus diesen Versuchen geht eindeutig hervor, da13 mit Hilfe der von Martin3 
beschriebenen Methode keine exakten Aussagen iiber die VerZinderung der Flied- 
mittelzusammensetzung auf dem Papier gemacht werden kiinnen. 

Wir haben uns deshalb fiir die Methode der S&den-Chromatographie entschieden, 
in welcher wir das zu untersuchende Fliissigkeitssystem iiber eine S&ule aus Cellulose- 
pulver fliefien lieBen. Es mu&e zuvor noch geklgrt werden, ob die Verhsiltnisse auf 
der S%ule mit denen auf dem Papierblatt verglichen werden kiinnen. 

Zu diesem Zweck untersuchten wir die Trennung von Nickel, Kobalt und Kupfer 
mit einem Gemisch Aceton-Wasser-Salre (8,7 + 0,5 + 0,8) sowohl auf Whatman- 
Papier wie such auf der CellulosesHule. In beiden Fgillen arbeiteten wir nach der 
aufsteigenden Methode. Das Austauscherrohr wurde dazu der LHnge nach in 2 Teile 
zerschnitten und mittels Klebestreifen zusammengehalten.6 Nach Beendigung der 
Entwicklung und ijffnen der SBule wurden beide Chromatogramme mit S%iger 
NatriumsulfidlGsung behandelt. Wie Abb. 3 zeigt, wirken tatsgchlich beide Verfahren 
Sihnlich, so da13 wir fiir die weiteren Versuche ohne Bedenken zur Priifung der 
Entmischung von FlieBmittelsystemen CellulosesBulen verwenden konnten. 

ENTMISCHUNG DER FLIESSMITTEL AN DER CELLULOSESAULE 

Zum Studium des Entmischungsvorganges verwendeten wir Gemische ausAlkoho1, 
Wasser und Chlorwasserstoffs&ure. An Alkoholen setzten wir Methanol, iithanol, 
n-Propanol, n-Butanol und Benzylalkohol ein. 
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Durchfiihtwng 

ober eine an der Luft getrocknete Cellulosesiiule (Durchmesser 2,5 cm, Hbhe 40 cm, 35 g 
C&ulosem.&er Whatman Standard Grade) fio8 die zu untersuchende Mischung mit einer Geschwin- 
digkeit 6x1 2 ml pro Minute. Das EIuat wurde in M~~~rnde~ a~~f~~en, aus welchen wir 
Portionen von 2 ml entnahmen und naoh Verdiinnung mit dest. Wasser mit 0,OS N Natronlauge 
gegen Methyhot titrierten. 

Alle Alkohol-S&ire-Gemische stellten wir so her, daB, 2 ml konz. Sal&hire in einem 100 ml 
MeDkolben mit reinem, mehrfach destilliertem Alkohol bis zur Marke aufgefiillt wurden. 
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ABB. 2.-Veriinderung der Zusammensetzung des Flie8mittels durch Verdampfen der 

Alkoholkomponente. 

(1) Butanol mit 8 % Wasser 
(2) Butanol mit 4 % Wasser 
(3) Butanol mit 2 % Wasser 

(a): Abnahme der absoluten ~sun~t~~~~ (g Wasser/Mol Cellulose) mit der Zeit 
(b) : Zunahme des Wassergehahes mit der Zeit 
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Abb. 4 zeigt die bei der Untersuchung verschiedener Alkohol-Siiure-Gemische 
erhaltenen MeBergebnisse. 

Aus dem Diagramm geht hervor, daf3 in allen FZillen das Filtrat zu Anfang des 
Versuches einen wesentlich geringeren S&uregehalt aufweist als die A~gangsl~sung. 
AuSerdem kann man erkennen, daB die Menge der von der S&le zuriickgehaltenen 
SalzsIure von der Art des Alkohols bestimmt wird und mit dessen Molekularge- 
wicht wachst. Die Verlnderung in der Zusammensetzung des FlieBmittels wird 



ABB. 3.-Tren nung von Nickel, Kobalt und Kupfer mit Aceton-Wasser-SalzsBure. 
Siiulenchromatogramm und Papierchromatogramm 
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ABE. 4.-Konzentrations%nderung der Chlorwasse rstoffsiiure im Filtrat. 
Cellulosesiiule, hrfttrocken 

(1) Methanol-Salz&.ue 
(2) Athanol-Salzsi-iure 
(3) n-Propanol-Salz&rre 
(4) n-Butanol-Sal&ure 
(5) Benzylalkohol-Sal&ure 

augenscheinlich dadurch hervorgerufen, da13 die Cellulose selektiv Komponenten des 
Gemisches bindet und erst nach Sattigung das Liisungsmittel die S&ule in seiner 
ursprtinglichen Zusammensetzung durchhiuft. 

Urn zu prtifen, ob die beobachteten Effekte auf den unterschiedlichen Wassergehalt 
der verwendeten Alkohole zuriickzuftihren sind, bestimmten wir diesen. 
Durchfiihrung 

3 ml des verwendeten Alkohols werden mit Karl-Fischer-Losung nach der Dead-stop-Me&rode 
titriert. Das Reagens bereiteten wir auf folgendem Wege. 252 g sublimiertes Jod werden in 400 ml 
reinem Pyridin gel&t und so lange Schwefeldioxid eingeleitet, bis die Gewichtszunahme 131 g 
betragt. Nach Abktihlung wird mit reinstem Methanol auf 2000 ml aufgeftillt. Man IUt 24 Stunden 
stehen und bestimmt dann den Wirkungswert der Losung durch Titration einer bekannten Wasser- 
menge. Die Bestimmung erfolgte unter Luftabachlul3. 

Bei den benutzten Alkoholen fanden wir die folgenden Wassergehalte: 

Methanol 4,80%. 
Athanol 8302% 
n-Propanol 8964% 
n-Butanol 420% 
Benzylalkohol 4903 % 

Wie man erkennt, ist der Wassergehalt der Alkohole etwas unterschiedlich. Aus 
dem Vergleich des Verhaltens von Methanol, n-Butanol und Benzylalkohol, die 
annlhernd den gleichen Prozentsatz Wasser enthalten, mu13 man schlieoen, daB die 
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Form der Kurven in Abb. 4 in erster Linie durch die Art des Alkohols bestimmt 
wird. Athanol und n-Propanol lassen sich zwanglos in das Bild einorden, obwohl sie 
etwas mehr Wasser enthalten. * 

Unter ahnlichen Be~n~ngen untersuchten wit such die Mischung von Aceton 
bzw. Methylathylketon mit Salzsliure (2 ml konz. Salzlure mit Keton auf 100 ml 
aufgefiillt). 

Abb. 5 zeigt, da13 es such bei diesen Systemen zu einer Entmischung kommt und 
daD der Effekt sogar noch deuthcher als bei den Alkoholen auftritt. 

4 
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AESB. 5.-Kon~n~tio~~nde~ng der Chlo~~~~toff~ure im Filtrat. 
CellulosesluIe, lufttrocken 

(1) Aceton-Salzsiiure (2) Methyl&hylketon-Salzsaure 

Urn zu kliiren, ob die Entmischung der Losungsmittel nur durch Cellulose 
hervorgerufen wird, prtiften wir Gem&he von Benzylalkohol mit Chlorwasserstoff- 
sgure und Aceton mit Chlorwasserstoff~ure such auf einer Silicagels~ule. 

Durchftirung 

‘Uber eine Siiule (Durchmesser 2,5 cm, Hdhe 40 cm) mit 55 g getrocknetem Silicagel (KorngrGDe 
0,3 bis 0,6 mm) floI3 die zu untersuchende Mischung mit einer Geschwindigkeit von 2 ml/min. 
Das Filtrat wurde in gleicher Weise wie bei den vorangegangenen Versuchen gepriift. 

Die Kurven der Abb. 6 zeigen, da13 die En~schung des FlieBmittels an der 
Silicagelslule mit dem Verhalten an Cellulose vergleichbar ist. 

Die Befunde beweisen, da8 in der Verteilungschromatographie die Entmischung 
des Losungsmittels durch den Trager hervorgerufen wird. Die bei den Alkoholen und 
Ketonen festgestellte AbhZingigkeit deutet darauf hin, daB der Zustand an der Grenze 
zwischen fester und fliissiger Phase nicht so einfach ist wie es im allgemeinen bisher 
angenommen wurde. Besser ~hara~erisiert werden die Verh~ltnisse wahrschein~~h 
durch die Vermutung welche von Horner und Mitarbeiter9 ausgesprochen worden 
ist, daB sich n&nlich an der Cellulose ein ternarer Komplex Cellulose-Wasser- 
organisches Losungsmittel ausbildet. 

Die angefuhrten Versuchsergebnisse sprechen fiir diese Erklarung, wenn sie such 
diese Hypothese noch nicht exakt beweisen. Nehmen wir die Bindung aller Kompo- 
nenten des L~sungsmittelsystems an der Oberfltiche der festen Phase an, so kijnnen 
wir die Verschiebung der Konzentrationskurven bei einer Reihe von Alkoholen und 

* uber die genauerer Wirkung des Wassergehaltes bei den einzelnen Alkoholen wird splter 
berichtet. 
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Ketonen durch Anderung des Mengenverhgltnisses der Komponenten an der festen 
Phase erklgren. 

uber weitere Untersuchungen zu diesem Fragenkomplex sol1 sp%ter berichtet 
werden. 

Eluat , ml 

ABB. 6.-Konzentrationstiderung der Salzsgure im Filtrat. Silicagelsiiule, getrocknet 
(1) Benzylalkohol-Salzslure (2) Acteon-Salzsiiure 

ENTSTEHUNG DER ZWEITEN FRONT BET DER 
PAPIERCHROMATOGRAPHISCHEN TRENNUNG 

Bei den Gemischen von Benzylalkohol mit Chlorwasserstoffs%ure und noch 
deutlicher bei Methyl&thylketon-ChlorwasserstoffsPure ist die Abnahme der Sliure- 
konzentration in den ersten Teilen des Filtrates so bedeutend, daB dieser Teil praktisch 
slurefrei ist. Erst in einiger Entfernung nach dieser praktisch neutral reagierenden 
Front folgt dann die SBurefront. 

Die Bildung zweier Fronten in der Papierchromatographie wird hBufig beobachtet. 
Da sie mit der Entmischung des FlieDmittels in unmittelbarer Beziehung stehen mu13, 
widmeten wir such dieser Erscheinung unsere Aufmerksamkeit. Weil eine selektive 
Verdampfung des Lijsungsmittels hier keine wesentliche Rolle spielen kann, haben 
wir uns entschlossen, zum Studium der zweiten Front wieder die Methode der 

Papierchromatographie zu benutzen. 

Durchfiihrung 
Chromatographiert wurde nach der aufsteigenden Methode auf Streifen von Whatman Papier 

Nr. 1 (2 x 30 cm). Die Chromatogramme bespri.ihten wir sofort nach Entnahme aus der Ent- 
wicklungskammer mit einer 0,0.5 y0 igen Thymolblauliisung. Der saure Teil des Chromatogramms 
bis zur zweiten Front erschien dabei rot gef&rbt, die Zone dariiber gelb. 

Urn zu zeigen, da13 der EinfluB der selektiven Verdampfung bei diesen Versuchen 
tatsgchlich vernachliissigt werden kann, haben wir die Lage der zweiten Front auf der 
Cellulosesgule (Abb. 4, Kurve 5) mit der auf dem Papier beim Gemisch Benzylalkohol- 

Chlorwasserstoffsliure verglichen. Fi_ir die S%ule konnte ein formaler Rf-Wert von 

0,81 errechnet werden. Auf dem Papier erhielten wir Rf-Werte von 0,76, 0,78 und 

0,76. 
Wenn such die Eigenschaften des Tr$igers maBgebend fiir den Verlauf der Entmi- 

schung sind und die groBe Ahnlichkeit der MeBwerte zufgllig sein kann, so beweist 
sie dennoch die Miiglichkeit des Einsatzes der Papierchromatographie bei der Unter- 
suchung des gegebenen Problems. 

6 
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Nach der o. a. Methode priiften wir systematisch Gemische aus Aceton, 
Wasser und Salzsiiure. T_Jm gIeichzeitig den Einflu8 der Papierqualitat mit zu erfassen, 
fuhrten wir die Versuche parallel auf Whatman Papier Nr. 1 und Nr. 3 MM durch. 

Wie Abb. 7 zeigt, verschiebt sich die 2. Front in Richtung hoherer Rf-W&e, 
wenn man bei konstanter Sal@urekonzentration den Wassergehalt auf Kosten des 
Acetons erhiiht. 

RF 05% HCL 1.5% HCL 2+% HCC 3.5 % HCC 4.5 % HCL 

O-8 

Hilt man den Acetongehalt konstant, dann verschiebt sich die 2. Front zu 
hoheren Rf-Werten mit steigendem Saiuregehalt. Die Ergebnisse dieser Versuche 
sind in Abb. 8 dargestellt. 

RF 
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ABB, ~~-Abh~~~eit der ES-Werte der 2. Front VOID Verhiiltnis W~r~~~~~re 
bei konstantem Acetongehalt. 

Aus den Abb. 7 und 8 geht hervor, daR sich die Verhiiltnisse prinzipiell bei beiden 
Papiersorten gleichen, da8 aber auf der Sorte 3 MM (untere Reihe) die RF-Werte 
der 2. Front niedriger liegen. 

Diese Versuchsreihe beweist ebenfalls, da8 das FlieBmittel bei da papierchromat~ 
graphischen Trennung entmischt wird. Aus den gefundenen Abh~n~gkeiten geht 
weiter hervor, dai3, wie bei der Saule, die Verhaltnisse an der Grenze zwischen mobiler 
und stationlrer Phase nicht durch Bildung einfacher Wasser-Cellulose-Romplexe 
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erklart werden k&men. Auch bei der Trennung auf dem Papierbogen nehmen sicher 
alle Komponenten des FlieBmittels am Aufbau der stationaren Phase teil. 

Es wird Gegenstand weiterer Untersuchungen sein diese Hypothese zu beweisen 
und die dabei entstehenden Gleichgewichte an der Grenzflache zwischen Trager und 
LGsungsmittel zu untersuchen. 

Summary-The course of separation of the components of a solvent 
mixture by the carrier (cellulose or silica gel) has been investigated. 
By a study of alcohol-water-acid mixtures it has been shown that in 
partition chromatography the components of the eluting solvent are 
partially separated, and that the course of the separation depends on 
the composition of the original solvent mixture. The hypothesis is 
proposed that at the boundary between the carrier and the solvent 
system an intermediate layer forms, in which all the compounds of 
the solvent are present. 

R&un&-On a examine la marche de la separation des constituants 
du solvant par le support (cellulose ou gel de silice). Par l’ttude de 
melanges alcool-eau-acide, on a montre qu’en chromatographie de 
partage les constituants du solvant d’elution sont partiellement 
&pares, et que la marche de cette separation depend de la composition 
du melange solvant initial. On propose l’hypothese selon laquelle, 
a la separation entre le support et le systeme solvant, il se forme une 
couche intermediaire, dans laquelle sont presents tous les constituants 
du solvant. 
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ZUR ENTMISCHUNG DER LijSUNGSMITTEL BE1 DER 
CHROMATOGRAPHISCHEN TRENNUNG-II* 

SELEKTIVE SORPTION DER MISCHUNGEN ALKOHOL-WASSER 
UND ALKOHOL-WASSER-SliURE AN DER CELLULOSESAULE 

JAN MICHAL und GERHARD ACKERMANN 
Institut fti Erzforschung Praha, CSSR und Institut fiir anorganische und analytische 

Chemie der Bergakademie Freiberg (Sachsen), DDR 

(Eingegangen am 17. Juli 1963. Angenommen am 18. September 1963) 

Zusammenfassung-Bei der Untersuchung von Gemischen aus Alkohol 
und Wasser bzw. Alkohol, Wasser und Stiure wird festgestellt, daO 
der Charakter der selektiven Sorption sich in der Reihe der Alkohole 
und mit steigendem Wassergehalt Lndert. Bei Gem&hen mit sehr 
geringem Wasseranteil kommt es in einigen Fiillen zu bevorzugter 
Sorption des Alkohols. Mit steigendem Wassergehalt &ndert sich 
der Charakter der Entmischung und es kann bevorzugte Wasser- 
aufnahme festgestellt werden. Bei den Mischungen Alkohol-Wasser- 
Slure wurde bewiesen, da0 an der Bildung der Zwischenschicht auf 
der Cellulose such die S&ure beteiligt sein mul3. Im Falle des Verhaltens 
der Mischungen auf lufttrockener Cellulose konnte ein weiteres 
Argument dafiir erhalten werden, da13 sich offenbar am Aufbau der 
Grenzschicht zwischen fester und fliissiger Phase alle Komponenten 
des Liisungsmittelsystems beteiligen. 

IN der 1. Mitteilungl haben wir gezeigt, da0 aus einem Liisungsmittelgemisch einzelne 
Komponenten an der Celluloses&le selektiv festgehalten werden. Auf Grund unserer 
MeBergebnisse gelangten wir zur Ansicht, daB sich am Aufbau der Grenzschicht 
zwischen Trgger und FlieBmittelsystem wahrscheinlich alle Komponenten des 
Lbsungsmittels beteiligen. Es muB vermutet werden, daS dabei Gleichgewichts- 
systeme entstehen, deren Zusammensetzung von Art und Mischungsverhgltnis des 

FlieBmittels bestimmt wird. 
Im folgenden sol1 dieser Entmischungsvorgang an Gemischen aus Alkohol-Wasser 

bzw. Alkohol-Wasser-SalzsSiure n%her betrachtet werden. Aus experimentellen 
Griinden wird dabei zun%chst die Aufnahme von Wasser und von S%ure in die 
stationlre Phase untersucht werden. 

VERSUCHSANORDNUNG 

Es wurden wieder Siiulen mit einem Durchmesser von 2,5 cm und einer Hijhe von 4Ocm verwendet, 
die stets 35 g Cellulose enthielten. Das Cellulosepulver (Whatman Standard Grade) wurde in der 
unten beschriebenen Weise vorbehandelt, wobei wir auf genaue Einhaltung der Versuchsbedingungen 
besonderen Wert legten. 

Die benutzten Alkohole rein&ten wir durch mehrfache Destillation und bewahrten sie in Flaschen 
mit Schliffstopfen auf. Den Wassergehalt der Alkohole bestimmten wir wieder durch Titration mit 
Karl-Fischer-Liisung. Die vorbehandelte Cellulose fiillten wir in die S%ule bis zur Marke, welche 
einer Cellulosemenge von 35 g entsprach, ein. Das zu untersuchende Gemisch lief dann wieder mit 
einer Geschwindigkeit von l-2 ml/min iiber die S%ule. Das Eluat wurde in MeDzylindem aufgefangen 
aus denen wir jeweils 2 ml Lijsung fiir die Wasserbestimmung entnahmen. 

* I. Mitteilung: Literatur Punkt 1. 
451 
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SYSTEM ALKOHOL-WASSER 

Die einfachsten Systeme, welche zum Studium des Entmischungsvorganges der 
FlieBmittel in der chromatographischen Analyse benutzt werden kbnnen, sind 
Gemische der niederen Alkohole mit Wasser. Diese Alkohole sind infolge ihrer 
Affinitlt zur Cellulose und der GrijBe ihrer Dielektrizitatskonstanten aus der groBen 
Reihe der organischen Losungsmittel, die man in der Verteilungschromatographie 
benutzt, dem Wasser am nachsten. Sie geben uns durch ihre unbegrenzte Mischbar- 
keit mit Wasser die Miiglichkeit Anderungen an der Grenze zwischen fester und 
fltissiger Phase unter verschiedenen Bedingungen zu verfolgen. 

Das verwendete Cellulosepulver wurde wie folgt vorbehandelt : 

(1) 12 Std. bei 110°C im Trockenschrank getrocknet 
(2) 12 Std. bei 110°C im Trockenschrank getrocknet und anschlieBend 

12 Std. in wasserdampfgesattigter Atmosphare aufbewahrt. 
(3) 12 Std. bei 110°C im Trockenschrank getrocknet und anschliel3end 

12 Std. dem Dampf des verwendeten Alkohols ausgesetzt. 

Methanol- Wasser 

Die Mischung wurde mit mehrmals destilliertem reinem Methanol hergestellt. 
Der Wassergehalt betrug 4,5 mg/ml Methanol. 
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ABB. I.-,&~derung der Wasserkonzentration im Filtrat. 
Methanol-Wasser 
(1) Cellulose bei 110°C getrocknet. 
(2) Cellulose bei 110°C getrocknet und mit Wasserdampf gesiittigt. 
(3) Cellulose bei 110°C getrocknet und mit Methanoldampf gesiittigt. 

In Abb. 1 ist die Anderung des Wassergehaltes im Eluat in Abhlngigkeit von 
dessen Gesamtvolumen dargestellt. 
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Aus der Figur mu8 man die erstaunliche Tatsache ableiten, da13 es bei allen 3 
Versuchsreihen zu einer bevorzugten Alkoholaufnahme aus dem Gemisch Methanol- 
Wasser kommt. Nach dem DurchfluB durch die mit getrockneter Cellulose gefiillte 
Siule sind die ersten Fraktionen des Eluats reicher an Wasser als die ursprtingliche 
Mischung. Eine Hhnliche Erscheinung war such an der mit AlkoholdZimpfen gesattig- 
ten Saule zu beobachten. Der gleiche Effekt trat bei der mit Wasserdampf gesattigten 
SBule auf, wobei hier der Wassergehalt des Eluats besonders hoch lag. Auf Grund 
dieser Versuchsreihe ist es allerdings noch nicht miiglich zu erkliiren, ob bei diesen 
Versuchen das an die Cellulose gebundene oder nur das “freie” Wasser an das Filtrat 
abgegeben wird. 

..&hanol- Wasser 

Die Mischung wurde mit mehrmals destilliertem reinem Athanol hergestellt. Der 
Wassergehalt betrug 40,2 mg/ml Ethanol. 

In Abb. 2 ist wieder die Anderung des Wassergehaltes im Eluat in Abhlingigkeit 
von dessen Gesamtvolumen dargestellt. 
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ABB. 2.-hderung der Wasserkonzentration im Filtrat. 
Athanol-Wasser 

(1) Cellulose bei 110°C getrocknet. 
(2) Cellulose bei 110°C getrocknet und mit yasserdampf gestittigt. 
(3) Cellulose bei 110°C getrocknet und mit Athanoldampf gesilttigt. 

Die an der trockenen und mit Alkoholdampf gesattigten Slule erhaltenen MeB- 
werte sprechen ftir die bisher giiltigen Vorstellungen vom Aufbau eines Cellulose- 
Wasser-Komplexes, denn die ersten Anteile des Eluats sind wasserlrmer als die 
Ausgangsliisung. Bei der mit Wasserdampf gesattigten Sgiule ist allerdings das 
Filtrat wie beim Methanol zu Anfang wasserreicher als die Ausgangsliisung. 

n-Propanol- Wasser 

Die Mischung wurde mit reinem mehrfach destilliertem n-Propanol hergestellt. 
Der Wassergehalt betrug 3,8 mg/ml n-Propanol. 
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In Abb. 3 ist wieder die Anderung des Wassergehaltes im Eluat in Abhangigkeit 
von dessen Gesamtvolumen dargestellt. 

Der Charakter des Entmischungsvorganges entspricht merkwlirdigerweise sowohl 
auf der trockenen wie auf der mit Wasserdampf gesattigten SIule wieder dem Befund 
beim Gemisch Methanol-Wasser. 

Da diese UnregelmaBigkeit in der Reihe der Alkohole auffallend war, schenkten 
wir den Bedingungen, unter welchen diese Resultate erhalten worden waren besondere 
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ABB. 3.-Anderung der Wasserkonzentration in Filtrat. 
n-Propanol-Wasser 

(1) Cellulose bei 110°C getrocknet. 
(2) Cellulose bei 110°C getroeknet und mit Wasserdampf geslttigt. 

Aufmerksamkeit. Es ist auffallend, da13 Methanol und n-Propanol bedeutend was- 
serarmer sind als das verwendete Ethanol. Es m&e daher kontrolliert werden, ob 
die Wassermenge in der Ausgangslosung auf den Charakter der bevorzugten Sorption 

EinfluB hat. 
Wir wiederholten deshalb zunachst diese Versuche an der getrockneten Cellulose- 

saule mit n-Propanol-Wasser-Mischungen, die 3,8 mg bzw. 11,5 mg bzw. 26,5 mg 
Wasser/ml n-Propanol enthielten. Die Resultate dieser Versuchsreihe sind in Abb. 4 

wiedergegeben. 
Es muB angenommen werden, da13 sich die fiir das Propanol gefundenen Ver- 

haltnisse im Prinzip such auf die anderen Alkohole iibertragen lassen. Weitere 
Versuche, iiber die spitter noch berichtet wird, bestatigen diese Vermutung. 

Man kann also feststellen, da13 die Zusammensetzung des FlieBmittels von 
bestimmenden EinfluB auf den Charakter der selektiven Sorption der Losungsmittel 
fur die Cellulose ist. Wgihrend es bei Gemischen mit geringem Gehalt an Wasser zur 
bevorzugten Aufnahme des Alkohols kommt, Bndert sich mit steigendem Wasseran- 
teil der Charakter der Kurven und es kommt zur bevorzugten Sorption des Wassers. 

SYSTEM ALKOHOL-WASSER-SAURE 

Urn die Verhlltnisse such bei komplizierteren Mischungen zu k&en, haben wir 
die tern&en Systeme Alkohol-Wasser-Saure studiert. Wir wahlten wieder Methanol, 
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Ethanol, Isopropanol (und Benzylalkohol) und-in allen Flllen-Chlorwasserstoff- 
sliure. Die Mischungen waren etwa 0,05 M an Salzsaure und enthielten 50-100 mg 
Wasser/ml Losung. 

Das verwendete Cellulosepulver wurde wie folgt vorbehandelt : 
(1) 12 Std. bei 110°C im Trockenschrank getrocknet 
(2) An der Luft bei Zimmertemperatur getrocknet 
(3) Lufttrockenes Pulver 12 Std. dem Dampf des verwendeten Alkohols ausgesetzt 
(4) Lufttrockenes Pulver 12 Std. dem Dampf des verwendeten FlieBmittels ausgesetzt 
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ABB. 4.--b;nderung der Wasserkonzentration im Filtrat. 
n-Propanol-Wasser 

(1) Wassergehalt 3,8 m&ml. 
(2) Wassergehalt 11,5 mg/ml. 
(3) Wassergehalt 26,5 mg/ml. 

In allen Fallen sind wir prinzipiell so vorgegangen, wie wir es beim Studium der 
Mischungen Alkohol-Wasser beschrieben haben. Das Eluat verwendeten wir abwech- 
selnd einmal zur Wasserbestimmung mit Karl-Fischer-Reagens und zum anderen zur 
Bestimmung des Sgiuregehaltes durch Titration mit 0,05 N Natronlauge. 

Methanol- Wasser-Chlorwasserstofs&re 

. Die Abb. 5 und 6 zeigen die Abhangigkeit des Wasser- bzw. des Sauregehaltes 
vom Gesamtvolumen des Eluats. Die Diagramme enthalten such gleichzeitig als 
gestrichelte Linie Angaben iiber den Wasser- bzw. Sauregehalt der Ausgangslosung. 

tfthanol- Wasser-ChlorwasserstoJsEure 

Die Abb. 7 und 8 zeigen die Abhangigkeit des Wasser- bzw. Sauregehaltes vom 
Gesamtvolumen des Eluats. Die Diagramme enthalten such gleichzeitig als ge- 
strichelte Linie Angaben tiber den Wasser- bzw. Sauregehalt der Ausgangsliisung. 

Isopropanol- Wasser-ChlorwasserstofSssiiure 

Die Abb. 9 und 10 zeigen die Abhangigkeit des Wasser- bzw. Sauregehaltes vom 
Gesamtvolumen des Eluats. Die Diagramme enthalten such gleichzeitig als ge- 
strichelte Linie Angaben iiber den Wasser- bzw. Sliuregehalt der Ausgangslbsung. 
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ABB. 5.-Abhiingigkeit des Wassergehaltes im Filtrat von dessen Gesamtmenge. 
Methanol-Wasser-Salz&iure 

(1) Cellulose, bei 110°C getrocknet. (3) Cellulose, lufttrocken, mit Methanoldampf gesgttigt. 
(2) Cellulose, lufttrocken. (4) Cellulose, lufttrocken, mit FlieBmitteldampf ges%ttigt. 
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Am!. 6.-Abhgngigkeit der SaIzsiturekonzentration im Filtrat von dessen Gesamtmenge. 
Methanol-Wasser-Salztiure 

(1) Cellulose, bei 110°C getrocknet. (3) Cellulose lufttrocken, mit Methanoldampf ge&tigt. 
(2) Cellulose, lufttrocken. (4) Cellulose, lufttrocken, mit FlieBmitteldampf ge&tigt. 

0 
0 20 

Eluoi, :: 
60 

ABB. 7.-Abhtigigkeit des Wassergehaltes im Filtrat von dessen Gesamtmenge. 
Ethanol-Wasser-!Salztiure 

(1) Cellulose, bei 110°C getrocknet. (3) Cellulose, lufttrocken, mit jithanoldampf gesiittigt. 
(2) Cellulose, lufttrocken. (4) Cellulose, lufttrocken, mit FlieOmitteldampf gesattigt. 
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2 -0’ 
-@-O-O 

20 40 
Eluot, rnC 

ABB. 8.-Abhangigkeit der Salzsaurekonzentration im Filtrat von dessen Gesamtmenge. 

Ethanol-Wasser-Salzsaure 
(1) Cellulose, bei 110°C getrocknet. 
(2) Cellulose, lufttrocken. 
(3) Cellulose, lufttrocken, mit Athanoldampf gesattigt. 
(4) Cellulose, lufttrocken, mit Flieamitteldampf gesiittigt. 
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ABB. 9.-Abhangigkeit des Wassergehaltes im Filtrat von dessen Gesamtmenge. 

i-Propanol-Wasser-Salzszslure 
(1) Cellulose, bei 110°C getrocknet. 
(2) Cellulose, lufttrocken. 
(3) Cellulose, lufttrocken, mit i-Propanoldampf gesattigt. 
(4) Cellulose, lufttrocken, mit FlieDmitteldampf ges5ttigt. 
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Auch bei den untersuchten 3-Komponenten-Systemen kbnnen wir beobachten, 
da13 es beim Durchlauf der Liisungsmittelgemische durch die Cellulosesliulen zu 
einer Ver&rderung in deren ~usamm~nsetzung kommt. Mit wechselndem Alkohol 
%dert sich der Charakter der Kurven nicht prinzipiell. Aberdings sind bei den 
einzelnen Versuchen in den ersten Teilen des Eluats recht unterschiedliche Mengen 
an Wasser und an Chlorwasserstoffslure enthalten. Vergleicht man die beiden Serien 
von MeBreihen miteinander, so kann man erkennen, daO die Verlnderung der 

i 
f 

0 20 40 60 
Eluat, mi 

ABB. IO.-AbMingigkeit der Salzsbekonzentratiorr im Filtrat VOII dessen 
Gesamtmenge. 

i-Propanol-Wasser-Salzs8ure 
(1) Cellulose, bei 110°C getrwknet. 
(2) Cell&se, Iufttrocken. 
(3) Cellulose, lufttracken, unit i-Propa~~ld~mpf gesgttigt. 
(4) Cellulose, lufttrocken, mit FlieBmitteldampf gesiittigt. 

Salzslwe- und der Wasserkonzentration im Eluat im entgegengesetzten Sinn verlaufen. 
Eine Ausnahme bildet die bei 110°C getrocknete Cellulose, wo die Salzs&rekonzen- 
tration im Eluat konstant bleibt und praktisch der S~urekonzentration in der urspriing- 
lichen Mischung gleicht. In allen anderen Fallen wird Saure von der SHuLe 
aufgenommen. 

Zu einem interessanten Ergebnis kommen wir noch, wenn wir uns den Wasser- 
gehalt der Eluate bei den verschiedenen Alkoholen [Abb. 5, 7 und 9, Kurve (2)] in 
den Liisungen ansehen, die die bei 110°C getrockneten Saulen passiert haben. Die 
en~~reche~den Kurven sind nochmals in Abb. 1 I zusammengefa~t. 

Obwohl der Wassergehatt in den untersuchten Gemischen nieht exakt gleich ist, 
geht aus dem Bild hervor, da13 die verschiedenen Alkohole aus der Celluslose unter- 
schiedliche Wassermengen verdr%rgen. Methanol steht wieder an der Spitze, wahrend 
aus Benzylalkohol im Gegenteil von der S&de noch Wasser aufgenommen wird. 

Da bei allen Versuchen die Cellulose in gleicher Weise prfipariert und aufbewahrt 
wurde, kbnnen wir aus den erhahenen ~~~t~onskurve~ wieder den SehluO ziehen, dall 
offensichtlich alte Komponenten des Usungsmittelsystems an der ObertXche der 
Cellulose gebunden werden. Das Verhlltnis ist aber nicht nur durch die Konzen- 
trationsverhaltnisse der Komponenten in der Ausgangsmischung, sondern such durch 
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die Eigenschaften der organ&hen LGsungsmittel bedingt. Bei diesen Versuchen 
wird das Methanol am &irk&en gebunden. Mit ansteigenden Gliedern aus der 

Reihe der Alkohole f&llt dann der Gehalt des an der Oberflgche der Cellulose 
gebundenen Alkohols. 

0 
0 20 40 60 

Eluat, ml 

ABB. 11 .-AbhZngigkeit der Wasscrkonzentration im Filtrat bei verschiedenen 
Alkoholen. Cellulose lufttrocken 

(1) Methanol-Wasser-SalzszsPure. 
(2) b;thanol-Wasser-Salzslure. 
(3) i-Propanol-Wasser-Salzsiiure. 
(4) Benzylalkohol-Wasser-Salzsiiure. 

Es mu13 Gegenstand weiterer Untersuchungen sein diese AbhPngigkeit quantitativ 
zu erfassen und die exakten Verhgltnisse an der Grenze zwischen Trgger und L&ungs- 

mittel zu untersuchen. 

Summary-The character of the selective sorption of alcohol-water 
and alcohol-water-acid mixtures has been shown to alter on ascending 
the alcohol series, and with increasing water content. From some 
mixtures with very low content the alcohol is preferentially sorbed. 
As the concentration of water increases preferential sorption of water 
can be shown to occur. For alcohol-water-acid mixtures the acid 
also participates in the formation of the boundary layer on the cellulose. 
In the case of air-dried cellulose, it further appears that all the com- 
ponents of the solvent system participate in the formation of the 
boundary layer between the solid and liquid phases. 

R&m&On a montre que le caractkre de sorption selective de 
mt5langes alcool-eau et alcool-eau-acide est modif% lorsqu’on s’tl&ve 
dans la s&ie des alcools, et lorsque crott la teneur en eau. A partir de 
quelques mClanges g tr& faible teneur en eau, l’alcool est sorb6 
pr&f&rentiellement. Lorsque croit la concentration en eau, on peut 
montrer qu’il apparait une sorption pref&entielle de l’eau. Pour des 
mtlanges alcool-eau-acide, on a Ctabli que l’acide doit aussi participer 
B la formation de la couche de jonction sur la cellulose. Dans le cas 
de la, cellulose s&h&z II l’air, on a acquis un argument supplkmentaire 
quant au fait que tous les constituants du systkme solvant participent 
& la formation de la couche de jonction entre les phases solide et 
liquide. 
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CYANOMETRIC TITRATIONS IN NON-AQUEOUS 
SOLUTIONS* 
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Gel&t t& 4, Hungary 
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Summary-Elemental sulphur can be titrated directly in a benzene- 
acetone medium with potassium cyanide dissolved in isopropyl 
alcohol. A potentiometric or visual indicator (bromothymol blue) 
end-point can be used. Elemental selenium can be determined by 
dissolving it in an excess of a standard solution of potassium cyanide 
in isopropyl alcohol and back-titrating the excess with a standard 
solution of sulphur in benzene-acetone. Selenium and sulphur can 
also be determined simultaneously. With these titrants, salts of quater- 
nary ammonium bases, dissolved in a mixture of isopropyl alcohol and 
acetone, can be titrated. 

OUR cyanometric titrations in a non-aqueous medium may be divided into three 
groups: the determination of elemental sulphur, the determination of elemental 
selenium and the determination of heterocyclic quaternary ammonium salts. 

For the determination of elemental sulphur many methods are known. Most 
methods suggest a preliminary dissolution in acetone or some other solvent for the 
purpose of separation or enrichment. For the determination of the sulphur content 
of this extract, gravimetric as well as titrimetric methods are known. A direct titri- 
metric method in non-aqueous solution has been reported by Skoog and Bart1ett.l 
They used acetone as solvent and were able to prepare a O*OlF solution of sulphur. 
The titration was carried out with a standard solution of potassium cyanide in iso- 
propyl alcohol. For the determination of substances of higher elemental sulphur 
content this method could only be used with satisfactory accuracy if a solvent could 
be found in which sulphur is more soluble than in acetone. For that special purpose 
we wanted to improve this method and to extend its field of application. 

We found that by using benzene and acetone mixed in a ratio of 4 to 1, sulphur 
solutions may be prepared of O.lF concentration. Experience has shown that the 
sulphur content of sulphur solutions prepared in benzene-acetone mixtures is stable. 
Consequently, such solutions may be used as standard solutions for the titration of 
cyanide and indirectly for the determination of elemental selenium. 

The titration is based on the fact that cyanide ion, which is a strong Lewis base, 
is converted to the less basic thiocyanate or selenocyanide ion in the presence of sul- 

phur or selenium; when an excess of cyanide is added there is a sudden increase in the 

basicity of the solution. On the other hand, when titrating cyanide with standard 

sulphur solution, the basicity of the solution suddenly decreases at the equivalence 

point. 
In accordance with Skoog and Bartlett,l we confirm that bromothymol blue 

indicates precisely the equivalence point. In order to follow the reaction occurring 
* Presented at XIXth International Congress of Pure and Applied Chemistry, London, England, 

17th July, 1963. 
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during the titration, we first carried out potentiometric titrations. A O*lFstock 
solution of sulphur in benzene-acetone, prepared from sulphur recrystallised several 
times from carbon disulphide and dried at 60”, was titrated with a 0.11: standard 
solution of potassium cyanide in isopropyl alcohol. 

200 Tmnsdion intervat 

z 

0 / 2 3 4 5 6 

0.1 F standard KCN solution, mk 

FIG. I.-Potentiometric titration of a benzeneacetone solution of sulphur with a 
standard solution of potassium cyanide in isopropyl alcohol. 

For the potentiometric titrations a glass indicator electrode and a calomel reference 
electrode were used, without a salt bridge. This was possible because the small water 
content of the isopropyl alcohol solution is sufficient for dissolution of the potassium 
cyanide and at the same time it does not decompose the benzene-confining solution. 
Twenty-five ml of the sulphur stock solution were titrated with potassium cyanide 
at W-60” with magnetic stirring and nitrogen bubbling through the solution. A 
Metrohm potentiometer was used as the measuring instrument. 

TABLE I.-TITRATION OF A SOLUTION OF SULPHUR IN 
BENZENE-ACETONE WITH A STANDARD SOLUTION OF 
POTASSIUM CYANIDE IN ISOPROPYL ALCOHOL USING 

BROMOTHYMOL BLUE AS INDICATOR. 

Sulphur Sulphur 
KCN consumed, found, taken, Deviation, 

ml m? mg % 

4.99 16.00 16-03 -0.18 
5.00 16.03 16.03 -0Go 
9.92 
9.97 0.~ 

31.80 32.06 -0.81 
31.99 32.06 -0-22 

19.87 63.74 64.13 -0.60 
19.95 63.99 64.13 -0.22 

;;;i> 0.01 F 3.171 3.206 -1.03 
3,161 3.206 -1*40 

In order to ascertain the transition interval of bromothymol blue the potentio- 
metric titrations were also carried out in the presence of this indicator. Fig. 1 shows 
the titration curve thus obtained. Bromothymol blue is seen to change colour at the 
potential change which corresponds with the equivalence point. Consequently, the 
titration can also be carried out with visual end-point indication. The results of some 
titrations with the visual indicator, performed in the same way as the potentiometric 
titration, are shown in Table I. The deviation from the true value is seen to 
vary between 0.0 and -0.8 ‘A with O*lF potassium cyanide solution, and between 
-1 and - 1.4% with a O*OlF solution. 



Cyanometric titrations 463 

The method was next applied to various technical materials. Thus, to determine 
the elemental sulphur content of sulphur recovered from gases, after appropriate 
pretreatment of a weighed sample it was washed with benzene into a volumetric flask. 
The flask was shaken until dissolution of the sulphur, then diluted to the mark with 
acetone. Two-three drops of a O-1 % isopropyl alcohol solution of bromothymol 

TABLE II.-DETERMINATION OF THE ELEMENTAL 

SULPHUR CONTENT OF SULPHURS RECOVERED FROM 

GASES 

O.lF KCN Sulphur 
consumed, found, 

ml mg 

I (pruiy4d sample) 
33.15 

11.97 38.38 
9.25 29.68 

II (impure sample) 
8.71 27.93 
9.55 30.63 

10.49 33.65 

Sulphur 
Substance content of 

taken, substance, 

“g % 

33.17 99.9 
38.30 100.2 
29.71 99.9 

30.25 92.4 
33.21 92.2 
36.23 92.8 

blue indicator were added to an aliquot of this stock solution. After warming to 50- 
60”, it was titrated with potassium cyanide standard solution until the appearance of 
a blue coloration. In the neighbourhood of the end-point it is advisable to titrate 
slowly, because the reaction becomes slow and part of the sulphur may remain un- 
titrated. Some results are summarised in Table II. 

TABLE III.-DETERMINATION OF THE ELEMENTAL SULPHUR CONTENT OF PLANT PROTECTIVES 

0'05FKCN Substance 
Sulphur 

Substance 
consumed Sulphur 

taken, 
found, 

/lOJl, mg 
present, 

mg % % 
- 

“Sulfex” 3.62 178.6 58.03 32.49 
5.55 269.7 88.98 32.99 30-33 
7.71 385.8 123.61 32.04 

“Sulfarol” 2.29 55.6 41.61 74.98 
14.00 301.2 224.78 74,53 74-75 
16.24 350.0 260.40 74.40 

“Netzschwefel-Pahlberg” 8.21 217.8 131.74 60.49 
3.94 103.1 63.30 61.40 60-63 
7.91 206.2 126.91 61.55 

We have also determined the elemental sulphur content of various plant pro- 
tectives, as did Bartlett and Skoog. l The sulphur content of the sample may be ex- 
tracted either by shaking the test sample with benzene in a volumetric flask or by means 
of an extractor. The latter procedure must be used if a volume correction should be 
applied because of a large amount of accompanying material. Aliquots of the resulting 
stock solution were titrated both potentiometrically and with visual end-point in- 
dication (bromothymol blue), the results of these titrations being given in Table III. 

7 
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The data of this table prove that the method is well suited to the determination of the 
elemental sulphur content of sulphur-containing plant protectives. The method is 
rapid and the difference between parallel titrations does not exceed & 1%. 

TABLE IV.-DETERMINATION OF ELEMENTAL SIILPHUR IN 
SIILPHCR-CONTAINING MEDICINAL CARBON (NEOCARBOW() 

Sulphur found, 
Elemental sulphur mg 

present, 

mglpill Potentiometric 
Visual end-point indication 

50 50.10 50.11 
50 49.15 49.94 
50 49.95 49.99 
50 50.02 49.98 
50 49.98 50.09 

The titration with potassium cyanide was also applied to the determination of the 
elemental sulphur content of sulphur-containing medicinal carbon (Neocarbolax). 
Because of the high carbon content the titration must be carried out potentiometri- 
tally. Visual end-point indication can only be used after filtration. Table IV shows 
the results of some titrations. The determination is of sulhcient accuracy, the greatest 
observable error being about fO-2 %. 

An attempt was made to apply the sulphur titration to the determination of 
cyanide. A 0-W isopropyl alcohol solution of cyanide was titrated with a 0-W 
standard sulphur solution in acetone-benzene using both potentiometric and visual 

TABLE V.-TITRATION OF A O.lF SOLUTION OF POTASSIUM 
CYANIDE IN ISOPROPYL ALCOHOL WITH A O.lF STANDARD 

BENZENE-ACETONE SOLUTION OF SULPHUR IN THE PRESENCE 
OF TITAN YELLOW 

0.1 F Sulphur 

solution 

consumed, KCN found, KCN taken, Deviation, 

ml mg mg % 

4.98 32.42 32.56 -0.42 

4.96 32.29 3256 -0.82 

4.97 32.36 3256 -0.61 

9.97 64.92 65.12 -0.30 

9.95 64.79 65.12 -0.50 

9.94 64.72 65.12 -0.61 

9.98 64.98 65.12 -0.21 

9.95 64.79 65.12 -0.50 

Deviation from true value -0.49 

end-point indication. The curve of our potentiometric titration carried out by using 
a glass and a saturated calomel electrode in the presence of bromothymol blue or 
titan yellow can be seen in Fig. 2 and the results of the titrations carried out in the 
presence of titan yellow are to be seen in Table V. The standard deviation calculated 
on the basis of 20 parallel titrations, in which 65 mg of potassium cyanide were taken 
as test, was -&O-O14 ml of 0-P sulphur solution. 

The possibility of titrating potassium cyanide in a non-aqueous solution with a 
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standard solution of elemental sulphur led us to try and extend the method to the 
determination of selenium. Elemental selenium was found to dissolve easily in an 
excess of an isopropyl alcohol solution of potassium cyanide to form selenocyanide. 
The excess cyanide can be titrated with a 0.W standard solution of elemental sulphur 
to titan yellow or potentiometrically. Some results of the determination of purified 
selenium are shown in Table VI. 

itan yellow 

I I I 1 I. 1 I ) 

0 I 2 3 4 5 6 

0.1 F stondord ullphw SOk&m. ml 

cyanide in isopropyl FIG. 2.-Potentiometric titration of a solution of potassium 
alcohol with a standard solution of sulphur in benzene-acetone. 

TABLE VI.-INDIRECT TITRATION OF PURIFIED SELENlUMWlTHA 
STANDARD SOLUTION OF SULPHUR IN BENZENE-ACETONE 

O.lFKCN O.lF Sulphur Selenium Selenium 
soln. used, soln. consumed, found, taken, Deviation, 

ml ml mg mg % 

10~00 5.47 35.82 35.60 $0.62 
lO*OO 5.79 33.24 33.10 +0.45 
10.00 6.39 28.58 28.39 -to99 
1oGO 6.16 30.34 30.65 t1.01 
1ONl 6.13 30.60 30.45 -to.59 

Elemental sulphur and selenium can be determined in the presence of each other, 
because elemental sulphur dissolves in benzene whereas selenium does not. The 
dissolved sulphur can be titrated directly with a standard solution of potassium 
cyanide in isopropyl alcohol. After the whole of the sulphur has been converted to 
thiocyanate, which may be indicated either visually or potentiometrically, the solid 
selenium is dissolved in an excess of standard potassium cyanide solution. The excess 
cyanide solution is then back-titrated with a standard solution of sulphur in benzene- 
acetone. Fig. 3 shows a potentiometric titration curve obtained with glass and satur- 
ated calomel electrodes in the presence of tital yellow. One can observe definite 
potential changes at the end-point of both reactions. Table VII shows some results 
of the titration carried out in the presence of titan yellow as indicator. The greatest 
deviation from the theoretical value is 1.3 % for sulphur and + 1.0 % for selenium. 

In a previous method2 elementary sulphur or selenium was determined by treatment 
with an excess of potassium cyanide solution, the excess of which was determined by 
adding excess nickel solution and titrating the uncomplexed nickel with EDTA. It was 
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not possible to determine sulphur and selenium in admixture as in the present method. 
Furthermore, the present method enables sulphur to be extracted from a sample 
containing ions which would interfere in a complexometric titration. 

400 

F 

300 - 

z 

I 
I 
I 

t 2 
c 

0.1 F KCN soluiton, rnC 0-i F sulphur ~~~lutiin, rnt 

FIG. 3.-Potentiometric titration of elemental sulphur and selenium in the presence 
of each other. 

TABLE VII.-TITRATION OF SULPHUR AND SELENIUM IN THE PRESENCE 
OF EACH OTHER 

Sulphur Sulphur Selenium Selenium 
Deviation from true value 

found, taken, found, taken, 
mg W “g n?g 

Sulphur, Selenium, 
% % 

17.86 17.98 28.40 28.34 -066 +0.21 
17.90 17.98 25.28 25.20 -0*44 $0.35 
17.74 17.98 30‘30 30.20 -1.33 10-33 
1785 17.98 29.30 29.00 -0.72 +1*02 

It has also been found possible to titrate the salts of heterocyclic quatemary 
ammonium bases with a standard solution of potassium cyanide in isopropyl alcohol. 
These salts react quite easiIy with cyanide ion, the carbon atom next to the quaternary 
nitrogen atom binding it with a covalent bond. The stability of the resulting cyanide 
compound depends upon the polarity of the solvent. Heterocyclic quaternary 
ammonium salts have two mesomeric forms: 

4 
quaternary ammonium ion carbonium ion 

In polar solvents the quaternary ammonium is the stable form, whereas the non-polar 
solvents favour the formation of the carbo~um ion. The strongly nu~leop~lic 
cyanide ion attacks the carbonium ion with the formation of a covalent bond. Because 
the reaction takes place rapidly and quantitatively, it is well suited for quantitative 
determinations. 
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After the heterocyclic quaternary ammonium salt is consumed, the cyanide ion 
will be in excess and behave in a non-aqueous medium as a strong base. Consequently, 
the end-point of the titration can be indicated either with acid-base indicators or 
potentiometrically. 

A 

400 - 
“c,’ “o” II II b 

300 - 

04 F standard KCN solution 

FIG. 4.-Potentiometric titration of heterocyclic quaternary ammonium salts with a 
standard solution of potassium cyanide in isopropyl alcohol: 
(a) cotamine chloride, 
(b) p-chlorophenylnorcotarninium chloride, 
(c) 2,4-dinitrophenyl-6,7-dimethoxyisoquinolinium chloride. 

The method was tested by using the following three heterocyclic quaternary 
ammonium salts : 

64 
(‘4 

(4 

cotarnine chloride (R, + Rz = CH,O,, Ra = CH,O-, R4 = CH,-), 

p-chlorophenylnorcotarninium chloride - 
R, + R, = CH,O,, R, = CH,O-, R, = C- 0) \ /-’ 

2,4-dinitrophenyl-6,7-dimethoxyisoquinolinium chloride 

R,=R,=CH,O-,Rs= / \-,R,=NO,-/ \ 
0 

. 
- 0-J - 

\ 
NO, 

The substance to be analysed or an aliquot of a previously prepared stock solution 
was transferred to a titration vessel and the volume adjusted to about 20 ml with a 
mixture of acetone and isopropyl alcohol (1: 1). Potentiometric titrations were carried 
out with a glass and saturated calomel electrode using a 0-W standard solution of 
potassium cyanide in isopropyl alcohol. Fig. 4 shows the titration curves obtained. 
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The potentiometric titrations were repeated in the presence of bromothymol blue as 
indicator. As can be seen, the titration can be carried out with visual end-point 
indication, because the inflection point of the potentiomet~c curve coincides with the 
colour transition of bromo~ymol blue. 

TABLE VIII.-TUKAT~ON OF HETWOCYCLXC QUATERNARV AMMONIUM SALTS WITH A 
STANDARD SOLUTION OF POTASSIUM CYANIDE IN ISOPROPYL ALCOHOL 

Substance 

Concentration Standard 
of standard sohl. Substance Substance 

soIn_, COllSiiill&, found, taken, Deviation, 
F ml mR mg % 

Cotamine 
chloride 

p-(=hlorophenyl- 
norcotarninium 
chloride 

2,4-dinitrophenyi- 
6,7-dimethoxy- 
is~~o~nium 
chloride 

0.05 

0.01 

058 
0.57 
1.19 
3.13 

0.01 

0.05 

0.95 3.05 3.12 -2.2 
1.91 6.14 6.24 -1.6 
0.85 15.44 15.60 -1.0 

O-01 

0.01 

0.78 3.07 3.16 -2.8 
541 21.2 21.0 $0.9 
3.19 62.6 63.0 -0.6 
4.20 82.3 82.4 -0.1 

15.2 
80.0 

7.5 -1.3 
7.5 -2.6 

15.4 -1.3 
SO-2 -0.3 

Trading inkrval of 
bramathymal blue 

lOOa ’ , I 1 I / I 

I 2 3 4 5 6 7 

O-1 F standard KCN sat&cm, ml 

FIG. S.--Potentiometric titration of cotarnine chloride in the 
presence of free cotamine base. 

The results of some titrations carried out in the presence of bromothymol blue are 
summarised in Table VIII. The data show that for titrations performed on the micro 
scale (10 mg of substance taken and O*Ol~standard solution used), the error was about 
O-3 %, whereas by taking greater amounts of sample, the deviation is only O-1 %. The 
standard deviation of the method using 30 mg of substance is f0.05 ml of 0*05F 
potassium cyanide solution. 
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It was later found that heterocyclic quaternary ammonium bases in non-aqueous 
solution do not react with an isopropyl alcohol solution of potassium cyanide. This 
made it possible to determine quaternary ammonium salts in the presence of their 
free bases. Fig. 5 shows the curve of the potentiometric titration of cotarnine chloride 
in the presence of free cotarnine. It is seen from the curve that the medium has a 
buffer effect and the potential changes only just before the equivalence point giving a 
definite and well perceptible jump. 

In conclusion, a standard solution of potassium cyanide in isopropyl alcohol is 
seen to be well suited to the titration of many substances. We have succeeded in 
extending the field of its application for the titration of elemental sulphur. Further- 
more, new methods have been developed for the determination of elemental selenium 
and heterocyclic quaternary ammonium salts. By the last method it is also possible 
to follow the formation of quaternary salts from the corresponding free bases. 

Zusarnmenfassung-Elementarer Schwefel kann in einer Benzol- 
Aceton-Losung mit in Isopropanol gel&tern Kaliumcyanid direkt 
titriert werden. Es kann potentiometrische oder visuelle (Bromthy- 
molblau) Endpunktsanzeige verwendet werden. Elementares Selen 
kann bestimmt werden durch L&en in einem uberschuh eingestell- 
ter Kaliumcyanidlbsung in Isopropanol und Rticktitration mit einer 
eingestellten Schwefellosung in Benzol-Aceton. Selen und Schwefel 
konnen such nebeneinander bestimmt werden. Mit diesen Titranten 
kbnnen such Salze heterocyclischer quartlrer Ammoniumbasen, 
gelijst in Isopropanol-Acton, titriert werden. 

R&m&--On peut doser directement le soufre 6lementaire en milieu 
benzene-a&one au moyen de cyanure de potassium en solution dans 
l’isopropanol. Le point final peut etre d&erminb pqtentiometrique- 
ment ou au moyen dun indicateur visuel (bleu de bromothymol). Le 
dlenium Blementaire peut etre dose par dissolution dans un ex&s 
dune solution tit& de cyanure de potassium en isopropanol, et 
dosage en retour de l’exc& par une solution tit&e de soufre dans un 
m6lange acetone-benzene. On peut aussi doser simultanement le 
sbl6nium et le soufre. Au moyen de ces solutions tit&es, on peut doser 
des sels de bases heterocycliques ii fonction ammonium quatemaire, 
dissous dans un melange isopropanol-a&one. 
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Summary_-The Kiinig synthesis of pyridine dyestuffs by reaction of 
cyanogen bromide and suitable aromatic amines with pyridine, used as 
the basis of standard British and American calorimetric methods for the 
determination of small amounts of cyanide, is reinvestigated. After 
consideration of the carcinogenic properties of amines capable of being 
used in a method for cyanide, p-phenylenediamine is selected for 
further examination. 

A REVIEWS of methods available for the determination of small amounts of cyanide 
indicates that the calorimetric determination is far superior to others, including 
titrimetric, polarographic and chromatographic methods. The standard methods for 
trade wastes and efFluents293*4p5 and for waters4+ are based either on the calorimetric 
procedure developed by Aldridge7p8 or on that of Epstein9 which themselves are 
based on the K&rig reaction lo+ for the synthesis of pyridine dyestuffs. The latter are 
formed by reaction of cyanogen bromide or chloride with pyridine and an aromatic 
amine. Aldridge’s method utilises a pyridine/benzidine mixture reacting with cyanogen 
bromide; Epstein uses cyanogen chloride reacting with pyridinell-phenyl3-methyl-5 
pyrazolone and a small amount of bis-(1-phenyl3-methyl-5-pyrazolone). Other 
workers12 have used a variation of the Aldridge procedure employing barbituric acid 
in place of benzidine. 

The pyridine/pyrazolone colour development requires the preparation of a 
relatively unstable reagent, whilst the benzidine method has the distinct disadvantage 
that the aromatic amine is a well known active carcinogen and the developed colour 
only obeys Beer’s law up to concentrations of the order of l-2 pg/ml so that it cannot 
be used for effluents containing more than 2 ppm of cyanide in the measured sample. 
The barbituric acid method requires a relatively large sample (25 ml) and a relatively 
long period of heat treatment (40 min at 40’) ; furthermore, the reagent becomes 
discoloured on standing for short periods of time. 

In view of these criticisms it was decided to reinvestigate the K&rig synthesis as the 
basis of a method for the determination of cyanide, examining aromatic amines in 
addition to those considered by K&rig for colour production, and heterocyclic amines 
other than pyridine as the parent reagent for dyestuff formation. 

Examination of heterocyclic amines other then pyridine in the Kiinig synthesis 

Replacement of pyridine by other heterocyclic amines and their reaction with 
benzidine and cyanogen bromide (produced from 1 pg of cyanide) produced the 
results shown in Table 1. 

471 
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TABLE I 

Amine Colour obtained 

Pyridine 

Piperidine 

Morpholine 

Piperazine 

Quinoline 

Isoquinoline 

2,6-Lutidine 

cc-Picoline 

Red 

None 

None 

None 

None 

None 

None 

Golden yellow 

Apart from pyridine, only a-picoline produced a colour and in this case a much 
lower maximum absorbance was obtained. Pyridine is, therefore, the best common 
heterocyclic amine to use. 

Examination of aromatic amines other than benzidine in the Kiinig synthesis 

K&rig synthesised dyes from a number of aromatic amines using pyridine and 
relatively large quantities of cyanogen bromide. Goris and Larsonneaura utilised this 
reaction for the characterisation of small amounts of pyridine, using aniline as the 
aromatic amine. One drop of pyridine, 1 drop of aniline and 50-100 mg of cyanogen 
bromide in l-20 ml of water, when mixed, yield an intense red colour and a crystalline 
precipitate; but with traces of pyridine a yellow colour is first produced, which changes 
after 30-40 min to an orange colour. PiibyP4 used benzidine instead of aniline for the 
determination of small amounts of pyridine in aromatic hydrocarbons, measuring the 
extinction of the solutions at 518 rnp. With only traces of cyanogen bromide, some 
amines produce different colours from those of the dyes originally synthesised by 
K&rig. Accordingly, a number of amines were substituted for benzidine in the 
Aldridge procedure, and the colours produced by reaction with 1 ,ug of cyamde (as 
cyanogen bromide) were compared to the corresponding colours of the dyes reported 
by Kiinig (see Table II). 

a. Benzene derivatives 
TABLE II 

Number Amine 
Colour of dye 

As reported by Kiinig Aldridge procedure 

1 Aniline Orange Yellow, changing to 
orange (20 to 30 min) 

2 p-Toluidine Orange Yellow, changing to 
orange (20 to 30 min) 

3 p-Chloraniline Orange Yellow changing to 
orange (20 to 30 min) 

4 p-Nitro-aniline Orange None detected 
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TABLE II (continued) 

b. Naphthalene derivatives 

Number Amine 
Colour of dye 

As reported by Konig Aldridge procedure 

5 o-Anisidine Salmon-pink, with Orange 
yellowish-red 
fluorescence 

6 pPhenetidine Rose-red Orange, changing to 
pink 

I o-Aminophenol Rose-red None detected 

8 p-Aminophenol Rose-red Yellow, changing to 
orange (20 to 30 min) 

9 Anthranilic acid Bright red, with Yellow, changing to 
yellowish-red pink (20 to 30 min); 
fluorescence fading always occurs 

10 Sulphanilic acid Orange, with greenish 
fluorescence 

Yellow 

11 p-Aminobenzoic acid Red 

12 o-Phenylenediamine Red 

Yellow 

Orange (detectable 
only by 
spectrophotometer) 

13 m-Phenylenediamine Red None detected 
(reagent too strongly 
coloured ; evidence of 
reaction when diluted 
125 times) 

14 p-Phenylenediamine Red Cherry-red 

15 p-Bromo-aniline - Yellow 

16 a-Naphthylamine Rose-red Yellow 

17 
. . 

/I-Naphthylamine Rose-red Yellow, changing to 
orange 

c. Amino-azo-compounds 

18 Amino-azobenzene Heliotrope None detected 

d. Benzidine derivatives 

19 Benzidine Lilac 

20 o-Dianisidine Blue-violet 

Red 

Red 
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TABLE II (continued) 

e. MisceNaneous antines not used by KEinig 

Number Amine Aldridge procedure colour 

21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 

:: 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 

p-Aminodiphenylamine 
p-Amino-N,N-dimethylaniline 

Cherry-red 
Red 

p-Acetamido-aniline 
p-Amino-acetophenone 

Yellow (fades during 10 to 20 min) 

4,4’-Diaminodiphenylene oxide 
Yellow (fades during 20 to 20 min) 
Yellow (fades) 

N-anal-pphenylen~iami~e Yellow (fades) 
N-(4-~inophenyl)pi~ri~ne Yellowa 
N-(2-~~ophenyl)pi~ridine Yellow* 
N-(4-Aminophenyl)pyrrolidine None detected (red solutions) 
N-(2-Aminophenyl)pyrrolidine Yellow* 
N-(4-Aminophenyl)morpholine Red 
N-(2-Aminophenyl)morpholine 
N-(4-Aminophenyl)piperazine 

Yellow (fades rapidly)* 
Orange 

N-(2-~inophenyl)pi~r~ne None detected (green solutions) 
Diphenyla~ne None detected 
p-Cyclohexylaniline Yellow, changing to pink (fades) 
3-Amino-4-cyclohexylaniline 
4Arninophenazone 

Yellow, changing to orange (fades) 
Yellow (fades) 

Rosaniline Impossible to detectb ’ 
N-(1-Naphthyl)ethylenediamine None detected 
Benzyiamine None detected 
2-~peridino-3-a~nop~dine None detected 
2-~~o~dino-3-aminop~idine None detected 
2-Morpholino-3-aminopyridine None detected 
3-Amino+morpholinopyridine None detected 
ZAminopyridine None detected 

s Certain amines (Nos. 27,28,30,32) only show evidence of reaction with 50 and 1OOpg of cyanide 
(as cyanogen bromide). 

b With a strongly coloured amine (No. 39), the initial solution is intensely coloured and reaction 
with 100 ,ug of cyanide is impossible to detect even at great dilution of the amine solution. 

In every case where a yellow colour is produced initially, fading always occurs. 
Where an orange or red colour is obtained, fading is not so apparent. Therefore, 
from the amines investigated only o-anisidine, p-phenetidine, p-phenylenediamine, 
benzidine, o-dianisidine, p-aminodiphenylamine, p-ammo-~,~I-~ethyl~~ne, N- 
(~aminophenyl)mo~holine and ~-(4-aminophenyl) piperazine are worth further 
consideration. For comparison purposes 3-amino-4-cyclohexylanihne was also 
examined. 

By dilution with cyanide-free water of a suitable stock solution, previously standardised with 
silver nitrate by potentiometric titration and by titration usingp-~me~ylam~o~n~~denerhod~ine 
as indicator, the following 6 cyanide solutions were prepared for each of the 10 amines: (i) 0.0 pg, (ii) 
0.1 ,ug, (iii) O-2 pg, (iv) 05 ,ug, (v) 1-O pg, and (vi) 20 pg oFCN-. These were examined using a method 
similar to the Aldridge procedure, the alkaline solutions of cyanide being acidified with 0.6 ml of glacial 
acetic acid, treated with 0.2 ml of saturated bromine water, mixed thoroughly, excess bromine in the 
solution removed with 0.2 ml of arsenious acid (2 ‘A w/v in water, refluxed until solution is complete) 
and bromine vapour in the tube removed by air. Before addition of mixed aminelpyridine reagent, 
the volume of solution was adjusted to 50.0 ml and a 50 ml-aliquot taken for the rest of the procedure. 

Cyanide solution (v) was examined first in every case. A freshly prepared mixture of 3-O ml of 
pyridine reagent (1 litre of 60% w/w aqueous pyridine plus 100 ml of concentrated hy~ochlo~c 
acid) and l+O ml of amine reagent (0.1 g of amine dissolved in 50 ml of 05&f hydrochloric acid; where 
difficulty was experienced in effecting solution, the mixture was heated to boiling point, cooled and 
6ltered) was added and the absorbance of the solution measured between 450 and 550 mp at different 
time intervals using a recording spectrophotometer to ascertain a suitable wavelength to use for each 
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amine reagent. The other test solutions were then treated with the relevant mixed pyridine/amine 
solutions and the absorbances measured at the appropriate wavelength for each amine reagent, after 
20 and 30 min, using a manual spectrophotometer. In most cases the wavelength chosen was that 
wavelength at which the spectral curve after 30 min crossed the spectral curve after 20 min (isosbestic 
point). The relatively low concentration of the amine reagent (0.2%) was chosen to enable some 
amines which were themselves highly coloured in more concentrated solution, to be included in any 
comparison tests. The same concentration was also used for the benzidine reagent. 

Further tests were made altering the conditions simultaneously as follows: 
1. The concentration of the amine reagent was increased to 1.0% for amines Nos. 1,5,6,7 and 10. 
2. The solutions containing cyanide were arranged so that a volume of 1.0 ml contained the cyanogen 

bromide before addition of mixed pyridinelamine reagent. 

025 

Fig. l-Calibration curves using C 
0.2 % amine reagents : 5 020 

0 
- x __ benzidine, N 

- o--- o-anisidine, 
-A---- o-dianisidine, 

ti 
i 

0 15 

-•---p-amino-N,N-di- 6 
methylaniline, 2 

-Q> - p-phenetidine, 0 IO 
- - - O- - - p-phenylenediamine. 

0 I.0 

Cymde. pg 

2.0 

The results obtained with the O-2 and 1.0 % amine reagents are given in Tables III 
and IV, respectively, and the corresponding calibration curves in Figs. l-3. 

It appears that a number of amines would be satisfactory for the determination 
of concentrations of cyanide between O-1 and 1-O ,ug. For more concentrated cyanide 
solutions, however, the number of amines is restricted. The best amines are benzidine, 
p-phenylenediamine and p-aminodiphenylamine. Using the stated conditions and a 
concentration of O-2 % amine in 0.5M hydrochloric acid, p-phenylenediamine is the 
best of the three. At a higher amine concentration (1-O %), benzidine produces the 
most intense colour and has an absolute absorbance of 0.636 (2-O ,ug of cyanide/l-O ml 
test solution), whereas p-phenylenediamine has an absolute absorbance of only O-540 
but gives a better calibration curve than does benzidine (see Fig. 3). It was necessary 
at this junction to consider the carcinogenic properties of the amines. 

Carcinogenic hazards of aromatic amines 

The carcinogenic properties of benzidine are well known. Related compounds, 
such as 3,3’-dihydroxybenzidine, tetramethylbenzidine and dichlorobenzidine, and 
other binuclear compounds like 4-aminodiphenyl, 2,3-dimethyl-4-aminodiphenyl and 
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030 r 

Fig. 3-Calibration curves for 
1.0 % amine reagents : 

- O- benzidme, 

--o - p-phenylenediamine, 

-A - pphenetidine, 
-X - p-aminodiphenyl- 

amine. 

Fig. 2.-Calibration curves for 
0.2 % amine reagents : 

- X-p-amino- 
diphenylamine. 

- (I---- N-(4-aminophenyl) 
piperazine, 

-•- 3-;;;;e%cyclohexyl- 

----A---- N-(&minophenyl) 
morpholine. 

IO 

Cyomde. pg 

Cyomde, pg 
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naphthalene derivatives, such as 1-amino-2-naphthol, 2-amino-1-naphthol, cc-naphy- 
lamine and /I-naphthylamine, have been reported as being highly active.15 Dianisidine 
and the tolidines are suspected of being carcinogenic. 

Because there is no published evidence that amines with only a single ring are 
active, it was decided to confine further investigations to p-phenylenediamine. 

Zusammenfassung-Die Farbstoffsynthese nach Konig, die Reaktion 
von Bromcyan nit geeigneten Amimen, die britischen und US-Stand- 
ardmethoden zugrundeliegt, wird an 46 Aminen unter geeigneten 
Bedingungen nachgeprtift. Nach Erorterung der carcinogenen 
Eigenschaften von Aminen, die zur analytischen Bestimmung kleiner 
Cyanidmengen geeignet sind, wurde p-Phenylendiamin zur weiteren 
Untersuchung gewiihlt. 

R&urn&L.es auteurs ont repris l’etude de la synthbse de Kbnig des 
colorants d&iv&s de la pyridine, par action du bromure de cyanogene 
et d’amines aromatiques approprites sur la pyridine, sur laquelle sont 
fond& les m&odes colorimetriques etalons britannique et ameri- 
caine de determination de petites quantites de cyanure. Tenant 
compte des proprietes canc&igenes des amines susceptibles d’&tre 
utilisees dans une telle methode, ils ont choisi a p-phenylenediamine 
pour une etude plus pouss6e. 
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Summary-A new type of radiometric titration has been developed. 
Using EDTA solutions, the negatively charged or neutral metal 
chelates are formed, and these can easily be separated from the excess 
of unreacted metal ions using a cation exchanger. Titration curves are 
constructed from the activities of the eluates. The method has been 
used for the determination of microgram amounts of indium using 
llamIn as an isotopic tracer, and for the determination of submicrogram 
traces of cobalt using the same indicator as a non-isotopic tracer. 

IN radiometric titrations the radiotracer is involved in the chemical reaction which is 
the basis of the determination. The compound formed during the titration must be 
easily separated from the excess of the unreacted ions and the end-point is determined 
from the change in the activity of the residual solution or of the other phase. Two 
types of radiometric titration have previously been described. In precipitation 
titrations the second phase is a precipitate, and the end-point can be determined by the 
appearance of the activity in the aqueous phase, or by its disappearance from the 
aqueous phase, according to circumstances. l Precipitation titrations are difficult to 
apply, because of the necessity for handling precipitates, to less than milligram amounts 
and impossible at the submicrogram level. 

Extractive titrations2n3 are based on the formation of metal chelates which can be 
separated from the unreacted metal ions by solvent extraction. The end-point is 
determined similarly from the change in activity either of the aqueous phase or of the 
organic phase. This type of titration is far more sensitive, but has been applied only 
to a limited number of determinations. 

In the present paper a new type of radiometric titration using EDTA is proposed 
and its utility is verified. 

RADIOMETRIC TITRATIONS USING EDTA 

EDTA titrations are widely used for determination of many metals, but their 
sensitivity is limited by the sensitivity of the determination of the end-point. However, 
using radiometric indication the determination of submicrogram amounts of metals 
can be carried out without difficulty. 

Radiometric titrations using EDTA are based on the formation of negatively 
charged or neutral chelates which can easily be separated from the excess of the un- 
reacted metal ions on a cation exchanger. The end-point is determined from the 
activities of the eluates obtained. As in other radiometric titrations, isotopic or non- 
isotopic tracers can be used. In the first case the radioactive indicator is a radio- 
isotope of the element being determined. In the second case the titration of the element 
to be assayed is followed by means of an element which is chelated after all the metal 
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being determined is bonded in the EDTA complex (i.e. the stability constant of the 
complex of the radioactive tracer with EDTA is much lower than that of the metal to 
be determined). 

The optimum pH for the titration can be calculated from the basic theory given in 
our paper on isotope dilution by ion exchange. 4 From this theory it follows that the 
determination of metals forming very stable chelates (e.g., CoIII, ZrIV, FelI1, Inul, 
ThIv, etc.5) can be carried out at pH 2-3 using 1O4-lo-’ M EDTA solutions. The pH 
for the determination of metals having lower stability constants must, however, be 
much higher. 

This method has been applied to the determination of microgram amounts of 
indium by means of an isotopic tracer, and to the determination of traces of cobalt 
using a non-isotopic tracer. 

VOfUP!E EDTA, . IO% 

FIG. 1 .-Radiometric titration of indium using l141n tracer with 10-6MEDTA solution: 
A-l.00 ml of radio-indium standard solution; B, C, D-1.00, 2.00, 400ml of 

inactive indium solution mixed with 1.00 ml of radio-indium standard solution. 

DETERMINATION OF TRACES OF INDIUM USING ISOTOPIC TRACER 

The pH of a series of equal, known volumes of analysed solution of indium (2.0 ml containing 
about 1 &ml), labelled with a known amount of radio-indium (llrmIn, tt = 50 days), is 
adjusted approximately to a value of 2-3. Any iron”’ present, which can interfere, is reduced to 
ironI by adding 2 drops of 10% ascorbic acid. The solutions thus prepared are carefully mixed 
with known, increasing amounts of titrating solution (lO+M EDTA) and are simultaneously passed 
through a series of cation-exchanger columns. The eluate from each column is made up to 10 ml 
and the activity of 4-ml aliquots are measured by a well-type scintillation counter. Each value of 
activity measured represents a point on the titration curve (Fig. 1). 

The results obtained are also summarised in Table I. The amount of the indium 
in the non-active sample being analysed can be determined from the difference be- 
tween the end-point of the standard curve, A (solution containing only standard 
labelled indium), and the end-points of the corresponding curves, B, C, D (solutions 
prepared by mixing the standard labelled samples with the sample to be analysed). 
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TABLE I.-DETERMMATION OF INDIUM 

483 

Indium added, Radio-indium Total indium Total indium 
Curve rg added, ,ug present, fig found, pg 

A @OO 1.02 1.02 1.00 
B 0.22 1.02 l-24 1.23 

: 
044 1.02 1.46 1.46 
O-88 1.02 190 1.94 

DETERMINATION OF TRACES OF COBALT 
USING NON-ISOTOPIC TRACER 

Because of much higher stability with EDTA of the cobaltlI1 complex than of the 

indium complex it is possible to use radio-indium as non-isotopic tracer for the 
determination of traces of cobalt. 

To the series of solutions containing equal, known volumes of the analysed solution (slightly 
acid), known, increasing amounts of EDTA (10+&f) are added. Each of these solutions is carefully 
mixed in a polyethylene flask with 0.5 ml of O*OlM aqueous ammonia containing 1.5% hydrogen 
peroxide. The pH of the solutions thus prepared should be 6-8. The solutions are heated on a 
boiling water bath for 5 min (formation of Corn--EDTA complex). After cooling to room temperature 
the pH of all the solutions is readjusted to approximately 2-3, and the radio-indium tracer is added. 
The remainder of the procedure is carried out as before. 

The results obtained are given in Fig. 2 and Table II. 

0 I 

0 (0 f5 2P m/ 2 
VLXlJtlE EDTA, IO-%4 

FIG. 2.-Radiometric titration of cobalt using Wn tracer with 10-5MEDTAsolution: 
A-140 ml of radio-indium standard solution; B, C-140, 2.00 ml of inactive 

cobalt solution. 

TABLE II.-DETERMMATION OF COBALT 

Cobalt added, Cobalt found, 
Curve pg pg 

A OXlO 0.00 
B 0.29 0.27 
C 0.58 056 
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DISCUSSION 

Radiometric titrations such as those described above can in general be 
used for the same determinations as common complexometric titrations, but their 
sensitivity is much higher. They have the advantage that the selectivity can be easily 
predicted from the stability data of EDTA-complexes, which are well known. Thus, 
for example, in the determination of traces of indium uni- and bivalent metal cations 
will not interfere, because of their lower stability constants. This has been verified 
in the present work. However, titrations using isotopic tracers are limited to instances 
where suitable radioisotopes are available. This restriction does not hold for deter- 
minations using non-isotopic tracers. The non-isotopic tracer most suitable for 
achieving the highest selectivity can also be chosen using the stability constants of 
the EDTA complexes. The stability constant of the EDTA complex of the tracer must 
be lower than that of the metal to be determined, but higher than the stability con- 
stants of interfering metals which might be present. 

Compared with extractive titrations, radiometric titrations using EDTA have the 
advantage of high stability of the titrant even in very dilute solutions. 

Acknodedgement-The authors thank Professor V. Majer, D. SC. for his interest in this work and 
to Professor C. L. Wilson for his critical discussion. 

Zusammenfassung-Eine neue Art radiometrischer Titration wurde 
entwickelt. Mit EDTA-Liisungen werden negative oder neutrale 
Metallchelate eebildet. die leicht mittels Kationenaustauscher von den 
nicht gebundznen hietallionen abgetrennt werden k&men. Die 
Titrationskurven werden aus der Aktivitlt der Eluate konstruiert. 
Die Methode wurde an der Bestimmung von Mikrogramm-Mengen 
Indium mit l14mIn als isotopem Tracer und an der Bestimmung von 
Submikrogramm-Mengen Kobalt mit llrmIn als nichtisotopem Tracer 
verifiziert. 

R&urn&On a mis au point un nouveau type de titrage radiom&rique. 
Par l’emploi de solutions d’EDTA, on forme les chClates du mCta1 
chargk negativement ou du m&al neutre, et ceux-ci peuvent &re. 
aidment &par&s des ions en excbs qui n’ont pas reagi au moyen d’un 
Cchangeur cationique. On trace des courbes de titrage il partir des 
activitts des Cluats. On a utilisd la mtthode pour doser des quantites 
d’indium de I’ordre du microgramme par I’emploi de llrmIn comme 
traceur isotopique, ainsi que pour doser des traces de cobalt en 
quantites infkrieures au microgramme au moyen du meme indicateur, 
utilisC comme traceur non isotopique. 
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Summary-The reactions of diethylphosphorodithioate, 2-mercapto- 
benzirnidazole, N-mercaptoacetyl-p-anisidine and N-mercaptoacetyl-p 
toluidine with selenous acid have been studied. Diethylphosphoro- 
dithioate and 2-mercaptobenzimidazole react with selenous acid in 
a 4:l molar ratio, and with N-mercaptoacetyl-p-anisidine and N- 
mercaptoacelyl-p-toluidine in a 2: 1 ratio. New extraction-photometric 
methods for the determination of small amounts of selenium in various 
materials not containing tellurium, have been developed, using 2- 
mercaptobenzimidazole, N-mercaptoacetyl-p-anisidine and N-mer- 
captoacetyl-p-toluidine as reagents. 

THE photometric determination of selenium is carried out mainly in the form of a 
colloidal solution of elementary selenium or in the form of the piazselenol formed by 
the reaction of selenous acid with 3,3’-diaminobenzidine.1*2 No other reagents have 
found practical application.* 

Of sulphur-containing reagents it has been reported that selenous acid can react 
with diethyl phosphorodithioate4 and with 2-thiopyrogallol,s giving yellow compounds 
which can be extracted with organic solvents. More recent experiments have shown%r~* 
that many reagents containing sulphydryl groups react with selenous acid, 
forming yellow compounds which possess sufficient stability to be used for the 
determination of small amounts of selenium. Some of these reagents possess high 
sensitivity and selectivity. 

In the present work the results are given of a study of the reaction of selenous acid 
with diethyl phosphorodithioate, 2-mercaptobenzimidazole, and some products of the 
condensation of thioglycollic acid with primary aromatic amines, together with the 
photometric methods developed for determining small amounts of selenium in various 
materials. 

Diethylphosphorodithioate, (C2H,0),PSSH 

When an aqueous solution of nickel or potassium diethyl phosphorodithioate, 
[(C,H,O),PSS],Ni or (C,H,O),PSSK, is added to an aqueous solution of selenous acid 
at an acidity of between about pH 3 and not greater than 2M in hydrochloric acid, a 
yellowish precipitate is formed. Under these conditions, selenium is quantitatively 
precipitated by an excess of the reagent. The compound formed consists of needle- 
shaped, bright yellow crystals with a melting point of 81-82”.6 Chemical analysis 
(Se: 17.4%; P:13*6%; S:30-9%) h s ows that the compound corresponds to the 
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formula [(C,H,O),PSS],Se. Therefore selenous acid appears to react with nickel 
diethyl phosphorodithioate according to the equation : 

2[(C,H,O),PSS],Ni + H,SeO, + 4HC1 --f 

[(C,H,O),PSS],Se + [(C2H,0),PSS],+ ZNiCl, + 3HsO. 

The diethyl phosphorodithioate salt of bivalent selenium is completely stable. In 
the dry state it can be kept in diffuse daylight for not less than 4 months without 
visible changes. Its solutions in chloroform have been kept without change for 1 year. 
Unfortunately, nickel diethyl phosphorodithioate cannot be used to determine 
selenium either by the gravimetric method (the precipitation takes place slowly) or by 
the photometric method {the disulphide [(C,H,O),PSS], formed strongly interferes 
with the photometric determination of the selenium (Fig. l)}, although the reagent is 

“0 - I 

ly 

0 
300 400 500 

A, mp 

FIG. l-Absorption curves of the diethyl phosphorodithioate salt of bivalent selenium 
(1) and the disulphide [(CaHIO)pPSS]e (2). 

quite sensitive: the molar absorption coefficient of extracts of the diethyl phos- 
phorodithioate salt of bivalent selenium is 1900. 

2-Mercaptobenzimidazole, ) 
\_ 0 7 
/ YN&-SH 

2-Mercaptobenzimidazole has been used for the gravimetric determination of 
bismuth, copper, cadmium, lead, mercury and gold.9 Experiments have now shown 
that 2-mercaptobenzimidazole permits the photometric determination of small 
amounts of selenium. When a 1 ‘A ethanolic solution of 2-mercaptobenzimidazole is 
added to an acid solution [the optimum optical density is found at an acidity of from 
1 to 3M hydrochloric acid (Fig. 2)] of selenous acid, it gives a yellow coloration or a 
bright yellow crystalline precipitate, depending on its concentration. The compound 
formed is not extracted by benzene, toluene or ether, is poorly extracted by isoamyl 
and isobutyl alcohols, is somewhat better extracted by dichloroethane and chloroform, 
and is well extracted by a 1: 5 mixture of butyl alcohol and chloroform, the coloration 
being very stable. It does not change during several months. The extraction takes 
place practically completely in a single treatment. 
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It has not been possible to isolate in the pure state and analyse the compound 
formed by the reaction of selenous acid with 2-mercaptobenzimidazole, because when 
it is filtered on paper it decomposes after some minutes with the liberation of red 
elementary selenium. 

FIG. 2.-Absorption at 335 rnp of the compound of selenium with 2-mercaptobenximi- 
dazole as a function of the acidity of the solution. 

The extracts of the compound of 2-mercaptobenzimidazole with selenous acid in a 

1: 5 mixture of butyl alcohol and chloroform have a maximum light absorption at 
330 rnp. The optical density was measured relative to the pure extractant(Fig. 3). If the 
optical density is measured relative to an extract of the reagent with a mixture of 
butyl alcohol and chloroform, the maximum light absorption is found at 335 rnp. 

FIG. 3.-Absorption curves of 2-mercaptobenzimidazole (l), (C,H,N,S), (2), and the 
compounds of 2-mercaptobenzimidazole with selenium (3a, 3b) and with tellurium (4a, 4b) 

relative to the pure extractant (3a, 4a) and relative to an extract of the reagent (3b, 4b). 
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Under the experimental conditions, the reagent is itself extracted to a large extent and 
it absorbs light intensely; its maximum absorption is at 325 rnp (Fig. 3). The molar 
absorption coefficient of extracts of the compound of selenium with 2-mercapto- 
benzimidazole was found to be 10,500. 

The method of isomolar series has shown that selenous acid reacts with 2- mercap- 
tobenzimidazole in a molar ratio of 1:4. This suggests that the reaction between 
selenous acid and 2-mercaptobenzimidazole takes place according to the equation: 

4C,H,N,S + H,SeO, - (C,H,N,S),Se + (C,H,N,S), + 3H,O. 

Extracts of the compound of selenium with 2-mercaptobenzimidazole obey Beer’s 
law within the range of concentrations from 1 to 10 pg/ml at 360-380 rnp and l-40 
pg/ml at 420 m,u (Fig. 4). Satisfactory results for the determination of selenium are 

(I-lOy/mU 

FIG. 4.-Obedience to Beer’s law of the compound of selenium with 
2-mereaptobenzimidazoole at various wavelengths. 

obtained by measuring the optical density of extracts of its compound with 2-mer- 

captobenzimidazole in the region of wavelengths greater than 360 rnp or, best, at 
420 m,u. At wavelengths less than 360 mp, the reagent itself absorbs light and 
thereby prevents satisfactory results being obtained. 

Derivatives of thioglycollic acid 

A series of derivatives of thioglycollic acid, RNH-CO-CH,-SH, (where R is 
-CsH40CH3-p, -C,H&!Hs-p, -CsH&I-m, -C8H4N02-m, etc.) has been used for the 
detection and gravimetric and photometric determination of silver, lead, mercuryI, 
mercuryll, copper, cadmium, bismuth, tin, zinc, cobalt, nickel and molybdenum.lO*u 
Experiments have now shown that some of these derivatives can be used for the 
photometric determination of small amounts of selenium. As examples, the results 
are given of a study of two derivatives of thioglycollic acid obtained by the condensa- 
tion of the latter with p-anisidine and p-toluidine, respectively: 

NH-CO-CH,-SH NH-CO-CH,-SH 
I I \ Q ‘/ 

bCH, kH, 

N-mercaptoacetyl-p-anisidine N-mercaptoacetyl-p-toluidine 
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When a solution of selenous acid is added to an acid solution of either of these 
reagents [the optimum optical density is found at an acidity of 0.05-1M hydrochloric 
acid in the case of N-mercaptoacetyl-p-anisidine and 0.05-O.5M hydrochloric acid in 
the case of N-mercaptoacetyl-p-toluidine (Fig. 5)], a yellow coloration or pale yellow 
turbidity or precipitate is immediately formed which can be extracted with many 
organic solvents : benzene, chloroform, etc. The extracts are yellow and are very 

H 
JP 

d’ P 
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FIG. 5.-Absorption of the compounds of selenium with IV-mercaptoacetyl-panisidme 
(1) and N-mercaptoacetyl-p-toluidine (2) as a function of the acidity of the solution. 

stable. The extraction of selenium in the form of the coloured compounds takes place 
practically completely in a single extraction with a 1: 5 mixture of butyl alcohol and 
chloroform. 

The absorption curves of the extracts of the compound of selenium with N- 
mercaptoacetyl-p-anisidine have a maximum at 310 m,u relative to the pure extractant 
and at 315 m,u relative to an extract of the reagent (Fig. 6). The extract of the reagent 
itself under the experimental conditions also absorbs light intensely; its absorption 
curve has a maximum at 306 mp (Fig. 6). 

Fro. 6.-Absorption curves of JV-mercaptoacetyl-p-anisidine (1) and its compounds 
with selenium @a, 2b) and with tellurium (3a, 3b) relative to the pure extractant (2a, 3a) 

and to an extract of the reagent (2b, 3b). 
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IV-Mercaptoacetyl-p-toluidine is also extracted well under the experimental 
conditions, but its extract absorbs light very feebly and therefore all the absorption 
curves of extracts of the compound of selenium with IV-mercaptoacetyl-p-toluidine 
relative to the pure extractant and relative to an extract of the reagent have maxima 
in the same position at 318 m,u (Fig. 7). The molar absorption coefficients of the 

FIG. 7.-Absorption curves of Wmercaptoacetyl-p-toluidine (1) and its compounds 
with selenium @a, 2b) and with tellurium (3a, 3b) relative to the pure extractant (?a, 3a) 

and to an extractant of the reagent (2b, 3b,). 

compounds of selenium with N-mercaptoacetyl-p-anisidine and N-mercaptoacetyl-p- 

toluidine are similar at 1200. 
The molar ratio in which selenous acid reacts with these reagents was found to be 

1: 2 (Fig. 8). Thus selenous acid probably reacts according to the following equations : 

2C9H1102NS + HsSeO, -+ (C,H,,,O,NS),SeO + 2H,O 

2C9H110NS + H,SeO, -+ (C,H,,,ONS),SeO + 2H,O. 

Reagent, molar ratio 
II IO 9 8 7 6 5 4 3 2 1 

4 I I I I I I I I I I i 

0 IIIIIIIIIII 
0123456789 IO Ii 

%Se%, m0l0r rot10 

FIG. &-Determination of the molar ratios in the reaction of selenous acid with N-mer- 
captoacetyl-p-anisidine (la, lb) and N-mercaptoacetyl-p-toluidine (2a, 2b) at 340 m,u 

(la, 2a) and 360 rnp (lb, 2b). 

It has not been possible to isolate in the pure state and analyse the selenium 
compounds formed because they are unstable. After they have been filtered, red 
selenium appears on the filter after a few minutes. 

Extracts of the compounds of selenium with N-mercaptoacetyl-p-anisidine and 
N-mercaptoacetyl-p-toluidine obey Beer’s law within the range of concentrations from 
8 to 70 rug/ml at wavelengths from 340 rnp to 380 m,u. At wavelengths greater than 
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380 rnp, the extracts still follow Beer’s law, but the sensitivity is considerably less. 
At wavelengths less than 340 rnp, N-mercaptoacetyl-p-anisidine itself absorbs light 
and thereby prevents satisfactory results being obtained. In the case of N-mercap- 
toacetyl-p-toluidine, the lower limit of obedience of the extracts to Beer’s law can be 
reduced to concentrations below 7 pg/ml, but it is then necessary to work with a 
hydrogen lamp. 

It must be mentioned that 2-mercaptobenzimidazole, N-mercaptoacetyl-p- 
anisidine and N-mercaptoacetyl-p-toluidine permit the determination of selenium 
only in the absence of tellurium. Tellurous acid, as can be seen from Figs. 3,6 and 7, 
behaves completely analogously to selenous acid under the experimental conditions. 
It reacts with the reagents mentioned, likewise forming either a yellow coloration or a 
precipitate. The tellurium compounds formed are also extracted by organic solvents. 
The light-absorption maxima of the extracts of the tellurium compounds and the 
corresponding selenium compounds are very close to one another (Table I). Conse- 
quently, in order to determine selenium in materials containing tellurium, the latter 
must previously be removed. 

TABLE I.-ARSORPTION MAXIMA OF COMPOUNDS OF SELENIUM AND 

TELLURIUM WITH VARIOUS REAGENTS 

Reagent 

2-Mercaptobenzimidazole 
N-Mercaptoacetyl-p-anisidine 
N-Mercaptoacetyl-p-toluidine 

&n(Se) L(Te) 

335 350 
315 325 
318 308 

Bismuth and copper interfere with the determination of selenium by the proposed 
reagents, with which they form either greyish-yellow or pale yellow precipitates which 
are partially extractable with organic solvents, giving yellow extracts. Moderate 
amounts of mercury, silver, gold, cadmium and lead cause practically no interference. 
Bromate and iodate interfere with the determination of selenium with 2-mercapto- 
benzimidazole, and molybdate interferes with its determination by means of N- 
mercaptoacetyl-p-anisidine and N-mercaptoacetyl-p-toluidine. 

Determination of selenium in various materials not containing tellurium 
A O-1 to 0.5-g sample of the material to be analysed is dissolved by means of a mixture of nitric, 

hydrochloric and sulphuric acids. la Any excess of nitrous acid is removed by the addition of urea.” 
The resulting solution is diluted with twice its volume of distilled water and any insoluble residue is 
filtered off through a loose filter. The filtrate is diluted in volumetric flasks with appropriate volumes 
of water to give concentrations of selenium in the resulting solution within the range 50 to 200 ,ug/ml. 

One-five ml of the solution to be analysed is added by means of a pipette to an acid solution of the 
reagents namely 3 ml 1% ethanolic solution of 2-mercaptobenzimidazole, or 3 ml 0.2% ethanolic 
solution of N-mercaptoacetyl-p-anisidide or N-mercaptoacetyl-p-toluidine (final concentration 
2M hydrochloric acid in the case of 2-mercaptobenzimidazole and 0.5M hydrochloric acid in the 
case of N-mercaptoacetyl-p-anisidine and N-mercaptoacetyl-p-toluidine) in a separating funnel 
and the mixture is well shaken, then extracted with 5 ml of a 1: 5 mixture of butyl alcohol and 
chloroform. It is left to stand for 1 hr for complete separation of the aqueous and organic phases. 
The extracts are filtered through a dry filter paper into lO.OO-mm cells and the optical density measured 
on a spectrophotometer Beckman DU at the appropriate wavelength (420 mp for 2-mercaptobenzi- 
midazole and 360 m,u for N-mercaptoacetyl-p-anisidine and N-mercaptoacetyl-p-toluidine). The 
selenium content is found from a calibration curve. 

Calibration curves are obtained as above, using different amounts of a standardised solution of 
selenous acid. The completion of a single selenium determination requires 4 hr. 

Some results for the determination of selenium are given in Tables II, III and IV. 
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TABLE IL-DIXERMINATIO~~~ OF SELENIUM IN A 

PURE COMPOUND BY MEANS OF 2-MERCAPTO- 

BENZIMIDAZOLE 

SeG, taken, 
mg 

Se found, 
mg 

Error, % 

100.0 72.0 +15 
50.0 36.3 +2.6 
10.0 7.3 +2*6 
2.0 1.5 +5.4 

TABLE III.-DETERM~NAION OF SELENIUM IN MATERIALS NOT CONTAINING TELLURIUM 
BY MEANS OF 2-MRRCAPTOBENZIMIDAZOLJ3 

Material to be 
analysed 

Dust from a 
sintering plant 

Weight of 
sample, g 

0.500 

Composition, 
% 

Se 0.51; 
T10.11: 
Ge O&l 1; 
In OXiOO9; 

Se 
found, % 

0.54 

Absolute error, 
% 

+0.03 

Sinter 
O-100 4,42; 

remainder 
unknown 

4.57 $0.15 

Se-Hg sludge 0.100 

Sublimate from 
Se-As 
titer-o&e 

0.100 

Se 14.6; 
Hg 9.5; 
remainder 
PbSO, 

Se 30.0; 
As about 20; 
Pb present 

14.2 -0.4 

31.25 +1.25 

TABLE IV.-DETERMINATION OF SELENIUM IN MATERIALS NOT CONTAINING TELLURIUM BY ‘MEANS OF 
N-MERCAPT~A~E~YL-p-AMSID~NE AND N-MERCAPTOACETYL-p-TOLUIDINE 

Se found, % 

Material to 
be analysed 

Composition, With N- With N- 
% mereapto mereapto 

acetyl-p- Absolute acetyl-p- Absolute 
anisidine error, % toluidine error, % 

Dust from a 
sintering plant 

Sinter 

Se. 0.51; 
T10.11; 
Ge 0.0011; 
In 0.0009 
Se 4.42 ; 
remainder 
unknown 

0.49 -0.02 0.46 -0.05 

~’ 4.60 +o.Hl 4.11 -0.31 

Se-Hg sludge 

Sinter 

Se 14.6; 
Hg 9.5 ; 
remainder 
PbSO, 

Se 0.03 ; 
remainder 
unknown 

14.85 $0.25 14.37 -0.23 

0.028 -0*002 0.026 -0*004 

Acknow[edgemenr-Hoang Minn-Chau took part in the experimental work. 
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Znsamme&ssmnJ--Die Reaktion von Diiithylphosphorodithioat, 
2-Mercaptobenzimidazol, N-Mercaptoacetyl-p-anisidin und N-Mer- 
captoacetyl-p-toluidin mit seleniger Saure wurden untersucht. Die 
ersten zwei Verbindungen reagieren mit seleniger Sllure im Verhahnis 
4:1, die andern beiden im Verhaltnis 2:l. Neue extraktionsphoto- 
metrische Methoden zur Bestimmung kleiner Selenmengen in verschie- 
denen nicht tellurhaltigen Materialien wurden entwickelt mit 2- 
Mercaptobenzimidazol, N-Mercaptoacetyl-p-aisidin und N-Mer- 
captoacetyl-p-toluidin als Reagentien. 

R&mm&On a ttudie des reactions du diethylphosphorodithioate, de 
la mercapt-2benzimidazole, de la N-mercap&u%t);l-p-anisidine et de 
la N-mercantoac&vl-n-toluidine. avec l’acide selnieux. Le diethvl- 
phosphorod>thioate & la mercapto-2benzimodazole reagissent a&c 
l’acide dlenieux dam le rapport mol&tlaire de 4/l. La N-mercapto- 
ac&yl-p-anisidine et la N-mercapto-p-toluidine rbgissent dans le 
rapport 2/l. Etude de nouvelles m&odes photometriques d’extrac- 
tion pour le dosage de petites quantites de selenium dam des produits 
varies et ne contenant pas de tellure; on utilise la mercapto-2- 
benzimidazole, la N-mercaptoac&yl-p-anisidine et la N-mercapto- 
ac&yl-ptoluidine comme reactifs. 
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ANION-EXCHANGE BEHAVIOUR OF SCANDIUM IN 
CHLORIDE-THIOCYANATE MEDIA 

HIROSHI HAMAGUCHI, NAOKI ONIJMA, MASANORI KISHI and ROKURO KURODA 
Department of Chemistry, Tokyo Kyoiku University, Koishikawa, Tokyo, Japan 

(Received 29 July 1963. Accepted 22 October 1963) 

Summary-A method is described for the separation of scandium from 
rare earths and thorium by anion exchange. The method utilises the 
adsorption of a negatively-charged thiocyanato complex of scandium 
on the strongly-basic anion exchanger Dowex l-X8 from a 2M solution 
of ammonium thiocyanate in 05M hydrochloric acid. Rare earth 
elements are not retained on the column, while scandium and thorium 
show moderate adsorptions and can be separated chromatographically 
by elution with 3M hydrochloric acid. The distribution co@icient 
data for elements in this medium suggest many possible analytical 
separations of scandium. 

MOST ion-exchange separations of scandium have been based on the use of cation 
exchangers with eluents containing an organic complexing agent. Thus, elution with 
citric acid,l nitrilotriacetic acid,2 ethylenediaminetetra-acetic acid,2 hydrazine diacetic 
acid3 and ammonium acetate-ammonium oxalate solution4 seem to provide an 
excellent cation-exchange separation of scandium from rare earth elements. There 
has been little published information about the effective anion-exchange separation 
of scandium from rare earths and thorium. Vickery5 has demonstrated that scandium 
in citrate or oxalate solution is adsorbed on an anion-exchange resin. Scandium is 
also weakly adsorbed from 13*3M hydrochloric acid, which affords the basis of a 
simple separation from rare earths,6 but thorium also behaves like scandium. Walter’ 
has effected the separation of scandium, titanium and vanadium by anion exchange 
from oxalic-hydrochloric acid mixtures and Schindewolf and Irvine8 worked out the 
separation of traces of scandium from the same elements by anion exchange from 0.5 
to 15M hydrofluoric acid solution. The adsorption of several metals, including 
scandium, on Dowex-I from potassium thiocyanate solution has been reported by 
Turner, Philp and Day,g the separation of scandium and chromium having been 
accomplished. In a recently published study Fritz and PietrzyklO have reported 
distribution coefficients for dysprosium, lanthanum and scandium in mixtures of 
hydrochloric acid and several alcohols. Yttrium and scandium were separated from 
lanthanum in hydrochloric acid-ethanol mixtures by Wilkins and Smith>1 while Faris 
and Warton12 worked out an extensive spectrographic determination of distribution 
coefficients for scandium, yttrium and rare earths in nitric acid-methanol mixtures, 
giving a promising separation factor for scandium from rare earths. 

A study of the anion-exchange behaviour of scandium in an ammonium thio- 
cyanate-hydrochloric acid system was, therefore, undertaken to provide information 
which would give a method for the sharp separation of scandium from the whole of 
the lanthanide elements and thorium as well as from several common metals. 

9 495 
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Ion-exchange resin 
EXPERIMENTAL 

Dowex l-X8, 100-200 mesh, was used in the thiocyanate form. Before use. the resin was placed 
in a large column and back-washed with distilled water to remove fine particles. It was then washed 
with 3M hydrochloric acid, followed by a sufficient amount of 3M ammonium thiocyanate solution 
to convert it to the thiocyanate form. After washing with distilled water the resin was dried at 50” 
for 1 hr, then placed in a large desiccator containing saturated potassium bromide solution. 

Resin column 

Ten g of dried resin were slur&d with distilled water and poured into a conventional ionexchange 
column, 1.1 cm in diameter, packed at the bottom with glass wool. The column bed usually had a 
height of approximately 18 cm. Eluent was added dropwise from a conventional separatory funnel 
attached to the top of the column through a rubber stopper. 

Reagents and tracer 

Scandiumrrr solution(0.6OOmg of scandium/ml) was made by dissolving cu. 1OOmg of 99.9% purity 
ScIOI) in 3M hydrochloric acid, evaporating to dryness and diluting to 100 ml with 0.5M hydro- 
chloric acid. Lanthanum and lutetium chloride solutions (2.85 mg of lanthanum/ml; 1.83 mg of 
lutetium/ml) were prepared by dissolving the appropriate amount of the respective oxide (99.9% 
purity) in 3M hydrochloric acid, evaporating to dryness and diluting to a definite volume with 0*5M 
hydrochloric acid. Thorium chloride solution (4.85 mg of thorium/ml) was made by simply dissolving 
cu. 820 mg of thorium chloride in 100 ml of 0*5M hydrochloric acid. 

The strengths of the above solutions were determined by titration with 0001 M EDTA solution 
previously standard&d against primary-standard zinc metal. All other reagents used were of 
analytical-reagent quality. 

‘?Sc (half-life 85 day) and rsOTb (73 day) tracers were produced by irradiating 40 mg of the 
appropriate oxide in the Japan Research Reactor JRR-1 for 15 hr at a power level of 50 kW and a 
neutron flux of 3 X 10” neutron.cm-a.sec- r. After cooling for a sutiicient period of time each oxide 
was dissolved in hydrochloric acid, evaporated to dryness and the residue taken up in 0~5M hydro- 
chloric acid to give a final volume of 100 ml. An aliquot, usually O-5 ml for scandium and 1 ml 
for terbium, was used for elution work. A 0.5M hydrochloric acid solution of carrier-free 160Eu 
(13 year) was obtained commercially. An aliquot was taken, evaporated and diluted to 100 ml of 
0.5M hydrochloric acid, to give a suitable level of activity. Each tracer was carefully checked for 
radiochemical purity before use by gamma spectrometry. 

Column separation of scandium 

A sample solution containing scandium and rare earth or thorium is evaporated and taken up 
in a minimum amount of 2M ammonium thiocyanate in 0.5M hydrochloric acid. The resin bed 
should be previously equilibrated with the same solution. Load the sample solution onto the top of 
the column. When the liquid level in the column has almost reached the top of the resin bed, elution 
is started with 3M hydrochloric acid at room temperature. The rate of flow of eluent through the 
column is adjusted to be approximately 0.17 ml/min and the effluent is collected in 5- or lO-ml 
fractions. These fractions are transferred to a beaker, diluted with water and titrated with O*OOlM 
EDTA using Xylenol Orange as indicator. In the cases of separation of europium or terbium from 
scandium a quantitative measure of their concentration in the effluent fractions is obtained by 
counting the respective total gamma activity using a standard well-type scintillation counter. 

RESULTS AND DISCUSSION 

Like hydrochloric acid, thiocyanic acid (a pseudohalogenic acid), forms stable 
thiocyanato complexes with a number of metals and it has been put to analytical use 
in connection with solvent extraction using diethyl ether. Some attentionB11S,14,15,16 
has been paid to the use of thiocyanate with or without hydrochloric acid in ion- 
exchange separations. Korkisch and HechP devised a separation of gallium, iron 
and aluminium, by the use of a thiocyanate elution system. In a weakly acid solution 
gallium and iron form negatively-charged thiocyanato complexes which are ad- 
sorbed on an anion-exchange column, while aluminium passes through the column 
with no sign of adsorption. Gallium and iron are then chromatographically desorbed 
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by elution with hydrochloric acid which decreases the stability of the respective 
thiocyanato complexes. 

It is of interest to note here that the elution system enhances the tendency of 
scandium and thorium to behave as anionic species; from a hydrochloric acid medium 
both elements do not show any marked adsorption on an anion-exchange resin. 

Fig. 1 illustrates the quantitative elution profile curves when scandium and rare 
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1 

i 102 0 u 50 100 I50 200 

Volume of effluent, ml 

i 

l-b SC 

50 LOO 150 2Oi 
Volume of effluent, ml Volume of effluent, ml. 

Volume of effluent, mL 

FIG. X .-Elution profile curves 
(a) The &&ion with 3M HCI of La and SC from an 18 x 1 *l cm col~ma of Dowex 1 X8, 

100-200 mesh, previously treated with 2M NH,ScN in 0.5M HCL La 2-Q mg, 
SC 0.6 mg present with recovery of 98 % for La and 99 % for SC. 

@) The elution with 3M HCl of lSsEu and Wk from the same column as in (a). Eu 
carrier-free, SC 130 pg present with recovery of 87 % for Eu and 98 % for SC. 

(c) The elution with 3M HCI of l*OTb and ‘@SC from the same cohunn as in (a). 
Tb 350 pg, Sc 130 pg present with recovery of QQ % for Tb and 99 % for SC. 

(d) The elution with 3MHCl of Lu and Sc from the same column as in (a). LU 1.8 mg, 
SC 0.6 mg present with recovery of 100 % for Lu and 98 % for SC. 

(e) The elution with 3M HCI of Th and Sc from the same co1umn as in (a). Th 4.9 mg, 
Sc 0.6 mg present. 
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TABLE I.-DISTRIBUTION COEFFICIENT OF SOME ELEMENTS 
IN NH,SCN-HCI MEDIUM ON DOWEX 1-X8 

Concentration of NH,SCN in O.SM HCl, M 
Element - 

0.2 0.4 0.6 0.8 1.0 

SC 56 250 905 5040 2818 
La <l <l <l <l <l 
Sm tl <l tl <l <l 
LU <l <l <l <1 tl 
Th 3.3 19 43 74 106 
Ca 0.0 0.0 0.0 0.0 0.0 
Al 0.0 0.0 0.7 0.7 0.9 
CU >lO’ >104 >104 >104 >lOP 
Zn >10* >10* >104 >lO’ >104 
Cd >104 >104 >104 >I04 >104 
In 579 646 734 580 706 

Hg >104 >104 >104 >104 >104 

Kd value of SC in 2M NH,SCN-O5M HCl is >lO’. 

TABLE IL-SEPARATION OF SCANDIUM FROM OTHER ELEMENTS IN NH,SCN-HCl MEDIUM 

Scandium 

% 

Taken Found 

Foreign ions 
Foreign ions -~__- 

used, mg Break- Elution 
through complete 

Remark 

600 598 Al 3.4 0 

600 599 Ca 2.0 0 

600 601 Fe 1.0 - 

600 592 Zn 1.3 210 

600 588 Cd 1.1 210 

600 594 In 1.8 210 

600 592 La 2.9 0 

600 588 Lu 1.8 10 

60 

60 

Al eluted first, 
then SC with 3M HCl. 

Ca eluted first, 
then SC with 3M HCl. 

- 

300 

300 

270 

20 

40 

SC elmed first with 3M HCl; 
Fe strongly adsorbed on 
resin. 

SC eluted first with 
3M HCl, then Zn with H,O. 

SC eluted first with 3M HCl, 
then Cd with H,O. 

SC eluted first with 3M HCl, 
then In with OGO5M HCl. 

La eluted first, 
then SC with 3M HCl. 

Lu eluted first, 
then SC with 3M HCl. 

earth or thorium are eluted by 3M hydrochloric acid. It can be seen that scandium 
can be separated successfully from lanthanum, europium, terbium and lutetium. 
Scandium tends to give slightly asymmetrically-shaped elution bands. This would 
result either from rather slow approach to exchange equilibrium or from non-linearity 
of the adsorption isotherm. According to an equilibrium study by a batch method it 
takes more than 20 hr for scandium to attain exchange equilibrium in the anion 
exchanger-thiocyanic acid system at room temperature. 

In cation-exchange chromatography with elution by hydrochloric acid-ammonium 
thiocyanate, heavy rare earth elements ranging from europium to lutetium can be 
separated from scandium with difficulty. l4 Extreme difficulty has been encountered 
in separating scandium from heavier rare earths, even in lactate, citrate and EDTA 
eluent systems coupled with a cation exchanger. Scandium is eluted between thulium 
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and erbium in close proximity to thulium in the form of a complex with EDTA by 
anion-exchange chromatography. l7 The anion-exchange separation of scandium 
presented here is likely to offer a simple, rapid and convenient way to separate 
scandium successfully with a rather shorter column. 

The separation of thorium is not very satisfactory, but it may be achieved by the 
use of a slightly longer column or, more effectively, by the proper choice of eluent 
system, say 0.2M ammonium thiocyanate in 05M hydrochloric acid. In this case 
it is preferable to desorb scandium with hydrochloric acid after elution of the 
thorium fraction in order to minimise the tailing of scandium elution. 

In Table I the weight distribution coefficient values, Kd, are given for several 
elements. 

Increasing the concentration of thiocyanate resulted in an increased adsorption 
of scandium and thorium. The adsorption of scandium was found to be almost 
independent of the concentration of hydrochloric acid over the range 0.2544 to 2.OM. 
The feasibility of the separation of scandium from common metal ions was investi- 
gated briefly. In Table II several of the results obtained are recorded. Scandium is 
completely eluted by a 130 ml-fraction of 3M hydrochloric acid, while the break- 
through of aluminium and calcium occurred in the effluent from the sample solution. 
Because iron, copper, indium and mercury are not desorbed with 3M hydrochloric 
acid, the separation of scandium from most metal ions which form strong thiocyanato 
complexes should be feasible. 

Zusanuuenfassung-Eine Methode zur Trennung von Scandium von 
seltenen Erden und Thorium durch Anionenaustausch wird beschrie- 
ben. Dabei wird der negativ geladene Rhodanokomplex von Scandium 
am stark basischen Anionenaustauscher Dowex l-X8 aus einer Losung 
mit 2m NH,SCN und 0,5m HCl adsorbiert. Sehene Erden werden 
auf der Saule nicht zuriickgehalten, Scandium und Thorium werden 
mailjig stark adsorbiert und kbnnen chromatographisch durch Elution 
mit 3m HCl getrennt werden. Die Verteilungskoeffizienten fur 
verschiedene Elemente in diesem Medium weisen auf viele miigliche 
analytische Abtrennungsverfahren fiir Scandium hin. 

Resume-On decrit une methode de separation du scandium des 
terres rares et du thorium par echange d’anions. La methode utilise 
I’adsorption, sur l’echangeur anionique fortement basique Dowex 
l-X8, d’un complexe s&cyan6 du &ndium charge negativement, 
a partir d’une solution 2M de sulfocvanure d’ammonium en acide 
chiorhydrique 0,5M. Les elements des ierres rares ne sont pas retenus 
sur la colonne, cependant que le scandium et le thorium sont moyenne- 
ment adsorb&s et peuvent etre separes chromatographiquement par 
elution a l’acide chlorhydrique 3M. Les don&es sur les coefficients 
de distribution des elements dans ce milieu suggerent de nombreuses 
separations analytiques possibles du scandium. 
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EINE PHOTOMETRISCHE METHODE ZUR BESTIMMUNG 
GERINGER MENGEN VON GOLD MIT 

l&N’-TETRAMETHYL-o-TOLYDIN (TETRON) 

CH. DAIEV und N. JORDANOV 
Chemische Fakult&t der Universitiit zu Sofia, und 

Institut ftir allgemeine und anorganische Chemie an der Bulgarischen Akademie 
der Wissenschaften in Sofia 

(Eingegangen am 29 Juli 1963. Angenommen am 13 September 1963) 

Zusammenfassnng-Anhand einer Miiglichkeit, die vorher grundtitz- 
lich aufgeklart war, wurde eine photometrische Methode zur Bestim- 
mung geringer Goldmengen mit N,N’-Tetrametbyl-o-tolydin (Tetron) 
entwickelt. Das Gold wurde von den Begleitelementen zunachst durch 
Mitfalhmg mit Tellur, femer durch Extraktion mit Ather aus Brom- 
wasserstoffsaurem Medium getrennt und schliesslich mit Tetronliisung 
behandelt. Es entstand eine orangegelbe Ftirbung, die in ehva 4 Min- 
uten zur vollen Intensitlt gelangte. Man verdtinnte und photometrierte 
bei Blaulichtilter. Die Fgrbung blieb 20 bis 25 Minuten bestehen, 
verblasste dann allmlhlich. Das Verfahren wurde zur Bestimmung 
von Gold in Kupfer-, Blei- und gemischten Konzentraten sowie 
im Anodenkupfer verwendet. Die Aussagen wurden statist&h 
ausgewertet. 

BEKANNT sind zahlreiche Farbreaktionen fur Gold(III)-ionen mit verschiedenen 
organischen Reagentien. *18 Den meisten von ihnen liegen photometrische Methoden 
zur Bestimmung geringer Goldmengen zugrunde. Eine kritische Bewertung derselben 
ergibt,le dass am empfindlichsten diejenige ist, bei der das o-Tolydin als Reagens 
verwendet wird. . 

Unsere Untersuchungen zeigten, l dass N,N’-Tetramethyl-o-tolydin (Tetron) 
etwa zweimal so empfindliche Reaktionen bewirkt als das o-Tolydin; such ist hierbei 
die Farbung seiner Oxydationsform tiefer und nachhaltiger. Der Extinktionskoeffi- 
zient der unter der Einwirkung von Gold(III)-ionen entstandenen Oxydationsform 
des Tetrons betrSigt 50,000 bei Blaulichtfilter des @arc-~. Die Geschwindigkeit des 
Redoxprozesses hangt von der Aciditiit des Mediums ab. In schwefelsaurem Medium 
(1:20) kommt die F&bung zur vollen Entwicklung in 3 bis 4 Min., bleibt 20 bis 25 
Min. unverlndert und verblasst dann allmghlich. Direktes Sonnenlicht beschleunigt 
die Entfarbung, daher sind die Losungen davor zu schlitzen. 

Dass hierbei Fe(III), Cu, Mn(II), Pb, As, Sb, Sn, Ni, Co, Zn, Ag, Hg, Se, Te und 
Tl nicht stiirend wirken, wohl aber Ce(TV), Mn(IV), Ir(IV), Chromat- und Nitritionen, 
ergibt sich eindeutig aus dem Vergleich des Redoxpotentials des Tetrons mit dem 
zahlreicher anderer Stoffe, die das Gold in Gesteinen, Konzentraten oder Halb- 
produkten begleiten kiinnen. 

Wir nahmen uns vor, dieses Verhalten des Tetrons zu verwerten, urn eine emp- 
findlichere, selektivere und zugleich weniger anspruchsvolle Methode zur Bestimmung 
von geringen Goldmengen zu schaffen. 
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EXPERIMENTELLER TEIL 

Reagentien 

Gol~tandarfl~sung: 0,025Og Gold wird in etlichen ml Konigswasser aufgelost, mittels IR- 
Gl~hlampe zur Trockne ei~g~~pft, der Riickstand mit 1 ml Konz. Salzsgure versetzt. wieder zur 
Trockne eingedampft und in einem Messkolben auf 250 ml mit IM Salzs&rre verdiinnt. Dieser 
L&sung, die300 & Au(III)/ml enthalt, entnimmt man 10 ml, verdtinnt sie mit frisch destilliertem 
Wasser auf 100 ml und erhLlt eine Losung von 10 ,ug Au(III)/ml. 

0,l % ige Tetronliisung: 0,l g Tetron,‘aufgelSst in 100 ml verd. Schwefelsziure (1:20). 
0,l % igeliisung von Kaliumtellurit: 0,l g KzTeOs werden in etlichen ml 2,5M Salzsiiure aufgelost 

und mit Wasser auf 100 ml verdiinnt. 
10 % ige Zip-ch~oridI~sung: Frisch bereitete AulIi%ung von 10 g SnCl, in 2,SM Saltiure 

unter Erhitzen. 
3M BromwasserstofsZure 
Aihyliither: p.a. 
2,5M Salziiure 
konz. Salzsiiure; konz. Salpetersiiure. 

ERGEBNISSE 

Eine der wesentlichsten ~hwie~gkeiten, auf die man bei der B~~ung geringer Mengen von 
Gold stlisst, ist seine Trennung. Dazu benutzt man: die Mitfallung des Goldes durch ein geeignetes 
FIllungsmittel (Tellur,14 Bleisulfid,*l*aa ein Gemisch von QuecksiIber-(II)-chlorid und MagnesiumeO 
u.a.); ferner die Extraktion des Goldes mit Athyl&ther,essa* Isopropyliither86 oder Athylacetatas aus 
Chlor- bzw. Bromwasserstoff-s&urem Medium und schliesslich Ionenaustausch*” oder Adsorption 
iiber Kohle, Zellulose u.a. 

Unsere Versuche zeigten, dass es bei der Aufarbeitung zusammengesetzter Proben wie Gesteine, 
Erze und Konzentrate am ~~~~i~sten ist. das Gold zuniichst durch Mitf~~~~ mit Tellur von 
den ~gleitelementen abzutrennen ua anschliessend die Gold(III)-ionen mit A?her aus einem 
Medium von 3M Bromwasserstoffsaure zu extrahieren. 

Bestimmung des Goldes in Kupfer-Eisen- undgemischeten Konzentraten 

Analysegang: 0,5 bis 2,0 g der fein verriebenen Probe werden im Gemisch von Lunge aufgeliist. 
Man dampft die LGsung auf Sandbad zur Trockne ein. Einwirkeniassen von 3 bis 4 ml konz. Salz- 
s%ure auf den Riickstand mit nochmaligem Eindampfen zur Trockne. Nach Zugabe von 60 bis 70 ml 
der 2.5M Salzs&re und 2 ml Ka~~telluritl~s~~ erw%mt man fast bis zum Sieden und reduziert 
mit 15-20 ml Zix&II)-chloridliisung.* Es entsteht>ine dunkelbraune kolloidale Liisung von Elemen- 
tartellur. die beim Lie!zenlassen flockie wird wobei sich das Tellur auf den Boden setzt. Der Nieder- 
schlag wird nach eine; Stunde abfiltrTert (Weissbandfiher) und mit 0,2M Salzsiiure ausgewaschen. 
Das Filter wird samt Niederschlag im Porzellantiegel bei 800-900” verbrannt und gegltiht. Unter 
diesen Bedingungen entweicht das Tellur als Oxyd, und im Tiegel verbleibt das Gold, gelegentlich mit 
einigen Platinmetallen, geringen Mengen von Siliciumsaure, Kupfer, Blei und Eisen vermischt. In das 
Becherglas, in dem die Mitf~Uung erfolgt war, bringt man 2 bis 3 ml Kijnigswasser, deckt mit dem 
Uhrglas zu und erhitzt auf dem Sandband IS-20 Min. lang. Das S&nengemisch wird in den Tiegel 
eingegossen, mit Uhrglas bedeckt und 15-20 Min. erwtirmt. Nach Abnahme des Uhrglases dampft 
man die Losung mittels IR-Gltilampe zur Trockne ein.f Dem Trockenrtickstand werden 10 ml 3M 
Bromwasserstoffs&ue zugesetzt; nach heftigem Umriihren mit Glasstab wird die Losung samt dem 
Niederschlag der Siliciums~ure in den Scheidetrichter gebracht und darin 3 Min. lang mit 10 ml 
Athyl&ther extrahiert. Praktisch geht das Gold schon bei der ersten Extraktion in die organische 
Phase iiber. Urn grossere Gewissheit zu erlangen ftihrt man am besten eine zweite Extraktion durch.3 
Die vereinten &therische Ausztige werden in einem 25 ml-Becherglas mit Hilfe der IR-GI~~~ 
langsam zur Trockne eingedampft. Auf den Riickstand Hsst man 10-15 Tropfen Kijnigswasser 
einwirken, dann erhitzt man 15 Min. mit aufgesetztem Uhrglas und dampft vorsichtig zur Trockne ein. 
Nach Versetzen mit 1 ml 0,I % iger Tetronlijsung entsteht orangegelbe Flrbung, die allmiihlich 

* Die Menge an Zinn(II)-chlorid muss dazu ausreichen, nicht nur das Tellur, sondem such die 
vorhandenen Eisen(III)- und Kupfer(II)-ionen reduzieren zu kiinnen. 

t Die Temperatur darf 70-80° nicht iibersteigen, sonst kiinnte sich das Gold(III)~hlo~d zersetzen. 
Die Luft darf nicht verstaubt noch verqualmt sein (kein Tabakrauch!), da Reduktion des Gold(III)- 
chlorids zu Elementargold eintreten konnte. 

$. Geringe Mengen an SiliciumsPure bleiben dispergiert in der Wasserphase zuriick und halten 
an den Trichterwanden. Damit sie nicht vom Ather mitgerissen werden, giesst man diesen durch die 
obere t)ffnung des Scheidetrichters ab. 
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intensiver wird. Nach 3 bis 4 Min. verdiinnt man mit frisch destilliertem Wasser* auf em 
angemessenes Volumen (lo-, 20- oder 50 ml) und photometriert bei Blaulichtfilter. 

Goldbestimmung in Bleikonzentrafen 

Analysengang: 0,5 bis 2,0 g der Probe werden mit 10 bis 15 ml konz. Salzslure tibergossen und 
bis zum Aufhtiren der Entwicklung von Schwefelwasserstoff erhitzt. Dann gibt man 5 bis 10 ml konz. 
Salpetersaure hinzu und lasst die Losung auf dem Sandbad zur Trockne verdunsten. Der weitere 
Gang der Analyse ist derselbe wie bei der Analyse von Kupferkonzentraten. 

Bleibt bci der Verdiinnung, die der Mitfallung des Goldes mit Tellur vorausgeht, noch ungelijstes 
Bleichlorid zurtlck, so wird es nach Abfiltrierung dadurch entfemt, dass man den gesamten Nieder- 
schlag mit 15-20 ml heissem Wasser auswlscht. 

Bei der Aufarbeitung von Proben mit einfacher Zusammensefzung, z.B. von Anodenkupfer, kann 
die Abrennung des Goldes mit Hilfe eines Ionenaustauschers vorgenommen werden. 

Bekanntlich haftet [AuCl,]--an-Anionit in einem ziemlich weiten pH-Intervall: von 0,l his 
12 n HCl.*r Auf dieser Eigenschaft beruht das von S. Hirano, A. Mizuikeund Y. Yida2’ angewandte 
Verfahren zur Bestimmung geringer Goldmengen im Kupfer. 

Bei unseren Versuchen bedienten wir uns des Ionenaustauschers Dowex II 310 mesh in Cl--Form. 
Die Saule stellte ein mit Htilse versehenes Filtrierriihrchen dar,2* das bis zur Hiihe von 10 mm mit 
dem Ionenaustauscher geftlllt war. Durch Aufsaugen mittels Wasserstrahlpumpe wird die Ausstrom- 
ungsgeschwindigkeit auf etwa 1 ml/mm eingestellt. 

Analysengang: OJ bis 0,5 g Anodenkupfer werden in 6 ml salpeterslure (1: 1) aufgeliist; der 
Liisung setzt man 2 ml konz. Salzssiure hinzu und verdthmt mit Wasser auf etwa 20 ml. Man llsst 
die Liisung durch die Saule fliessen. Diese wascht man dann mit etwa 10 ml Salzsaure (1: 10) durch. 
Die Filtrierpapierhtilse wird mit dem Glassrab aus der Saule in einen Porzellantiegel geschobcn, 
verbrannt und auf 800” gegltiht. Den kaum merklichen Rtickstand versetzt man mit ein paar Tropfen 
Kiinigswasser, dampft mit Salzsaure ein, setzt 1 ml Tetronliisung hinzu, verdiinnt und photometriert. 

Aufnahme der Standardgeraden 

Die Goldkonzentration in der zu untersuchenden Probe kann nach einer vorher aufgenommenen 
Standardgeraden ermittelt werden. Zur Vermeidung gelegentlicher methodischer Fehler mtlssen die 
Punkte, mit deren Hilfe die Gerade aufgenommen werden ~011, das Resultat der Goldbestimmung in 
Lijsungen sein, die bestimmte Goldkonzentration aufweisen und an denen der entsprechende Analysen- 
gang angewendet worden ist. 

Da Zufallsfehler wahrend der Bestimmung unterlaufen kiinnen, wird man die wahrscheinlichste 
Gerade nur erhalten, wenn jeder Punkt das arithmetische Mittel aus mehreren Berechnungsaussagen 
ist. 

In den Konzentraten schwankt der Goldgehalt meist zwischen 0,5 und 50 g/t. Aus diesem Grunde 
ist es zweckmassig, zwei Standdardgeraden aufzunehmen: eine fur Konzentrationen von 1 bis 7 g/t 
und die andere fiir solche von 5 bis 30 g/t. Bei der ersten werden die zu photometrierenden Liisungen 
auf 10 ml verdthmt, bei der zweiten auf 25 ml. Benutzt wird eine Ktivette von 2 cm-St%rke dcs 
absorbierenden Mediums. 

BEURTEILUNG DER ERGEBNISSE 

Bewertung der Genauigkeit der Methode 

Im Laufe der Analyse kommen method&he Fehler vor, deren Betrag von dem 
gew&hlten analytischen Arbeitsgang abh%ngig ist. Das Vorliegen solcher Fehler 
stellten wir bei der Aufnahme der Standardgeraden unter verschiedenen Bedingungen 
fest : eine bei der direkten Bestimmung von Gold(III)-chlorid mit Tetron (s. Abb. 1, 
Gerade I), die zweite nach vorausgegangenem Haftenbleiben des Goldes am Anionit 
(Gerade II) und die dritte nach der Mitfallung des Goldes mit Tellur und anschliessen- 
der Extraktion des komplex an Goldbromids mit Ather (Gerade III). Der Betrag 
jedes den Goldmengen 2, 4, 6, 8 pg entsprechenden Punktes stellt das arithmetische 

* 1st das Wasser nicht frisch destilliert, enthllt es Mikro-organismen, durch deren reduzieretide 
Wirkung die Entfarbung der Losung beschleunigt wird. 
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0,300 

E 0,200 

0,100 

2 4 6 
Au, pg/lOm/ 

ABB. 1 

Mittel aus zehn Bestimmungen dar. Die Abweichung der Geraden II and III von der 
Geraden I urn entsprechend 2,5 oder 5,6 % besagt, dass im Gange der Analyse infolge 
der Unvollsttindigkeit der Mitfillung, der Extraktion oder des Ionenaustausches 
Gold teilweise verloren geht. Es leuchtet daher ein, dass es zweckm5issig ist, die 
Aufnahme der Standardgeraden auf den jeweiligen Analysengang abzustimmen, um 
methodische Fehler dieser Art zu vermeiden. 1st diese Anforderung erfiillt, dann wird 
die Reproduzierbarkeit bzw. Genauigkeit der Methode von den unbestimmten 
Fehlern abhingig sein. Da diese meist aus Variationen der bestimmten Fehler 
herriihren, miissen sie selbst variabel sein, wie dies aus Tab. I hervorgeht. 

TABELLE I 

I II l III 

Nach vorheriger Tren- 
nung von Au mit Nach vorheriger Mit- 

Auin Direkte Beatimmung Anionit fiillung von Au mit Te 

10 d, /q c 
E ;.100 E ~.lOO E 

s 
s s 

E 
s -.lOO 

E 

2 0,098 0.0018 I,8 0,095 0,0019 2,0 0,093 0,0031 3,3 
4 0,195 0,0031 1,6 0,190 0,0037 1,9 0,184 0,0056 3,0 
6 0,234 0,004O 1,4 0,287 0,OOSO 1,7 0,275 0,0068 2,5 
8 0,397 0,0056 1,4 0,383 0,006O 1,6 0,372 0,0075 2,0 

Larithmetischer Mittelwert der Extinktion bei N = 10 
S-Standardabweichung 

c . 
B 

1%Prozentfehler 

Demnach liegt der Relativfehler innerhalb der Grenzen f7,5 bis &4,5x, wenn 
Gold einmalig in Kupfer-, Blei- oder gemischten Konzentraten mit Goldgehalt 2 bis 
8 g/t bei 95% statistischer Sicherheit bestimmt wird. Handelt es sich urn Bestim- 
mung des Goldes im Anodenkupfer, so wird sich der Relativefehler unter denselben 
Bedingungen auf f3,6 bis f4,5% belaufen. 
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TABELLE II 
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No. Probe 
Au g/t nach photo- 
metrischer Methode 

Au glt 
Mittel- 

wert 

Au g/t 
nach der 
Kupella- 

tionsmeth. 

1 Goldkonzentrat 60,O; 59,s; 60,O; 58,5 59,8 6090 
2 Komplexes Konzentrat 56,6; 56,6; ‘55,l 56,3 574 
3 Blei/Kupfer-Konzentrat 22,0; 22,0; 23,0 22,3 23,0 
4 Kupferkonzentrat No 1 8,9; 9,l 990 838 
5 Kupferkonzentrat No 2 2-8 28 235 
6 Bleikonzentrat 0,9; 0,8; 1,0 079 LO 

Anwendungsgebeit der Methode 

Das Verfahren wurde bei industriellen Objekten angewendet: Gold-, Kupfer-, 
Blei- und gemischten Konzentraten. 

Tabelle II veranschaulicht die gute Reproduzierbarkeit der Ergebnisse, die mit 
denen der Kupelationsmethode in Einklang stehen. 

Bestimmt wurde such der Goldgehalt im Anodenkupfer. Zur Trennung des 
Goldes wurden die beiden Varianten eingesetzt : einmal durch Ionenaustauscher und 
zum andern durch Mitfallung mit Tellur und anschliessende Extraktion. 

Die erste Variation ergab bei N = 10; e = 59,3 g/t; c = 0,89; i - 100 = 1,5x. 

Nach der zweiten Variante bei N = 10; c = 585 g/t; 2 = 1,25; g - 100 = 2,1x. 
+ 

Stnmna~-A photometric method can be used for the determination 
of small amounts of gold with iV,iV’-tetramethyl-o-tolidine (Tetron). 
The gold is separated by precipitation with tellurium and extraction 
by ether from an HBr medium, and is then treated with Tetron solution. 
An orangeyellow colour develops and reaches its full intensity in 
about 4 min. The solution is diluted, and the colour is measured using 
a blue filter. The colour is stable for 20-25 min, and then fades 
gradually. The procedure may be applied to the determination of gold 
in copper-, lead- and mixed-concentrates or in anode-copper. The 
results have been evaluated statistically. 

R&anne-En vertu dune possibilite prealablement eclaircise est 
proposQ une methode de determination de petites quantitb d’or a 
l’aide de la N,N’-tetramethyl-o-tolydine (tktrone). L’or est coprecipite 
avec le tellure, puis extrait par l’ether en milieu bromhydrique et a la 
fin trait& par une solution de la N,N-tetramethyl-o-tolydine. On 
obtient une coloration jaune orang&e, qui se develloppe 4 minutes. On 
amene a un volume convenable et effectue la photometue en utilisant 
un filtre bleu, la coloration eat stable 20-25 minutes, apr&s quoi elle 
commence a s’affaiblir. La methode est appliqued a l’analyse de l’or 
dans des concentres differens et dans le cuivre anodique. Les resultats 
sont interpret&s par le calcul statistique. 
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PHASE TITRATIONS-III* 
NEW APPLICATIONS AND THE PHASE TITRATION OF 

BINARY SOLUTIONS OF CHEMICALLY SIMILAR COMPONENTS 

D. W. ROGERS, A. &SO~OMONYAN and A. %MER 
Department of Chemistry, Robert Kolej, Rebek, Istanbul, Turkey 

(Received 29 July 1963. Accepted 20 August 1963) 

Summary_-Results are given for the phase titration of 27 new binary 
solutions of the water-immiscible components dichloromethane, cyclo- 
hexane, ally1 bromide, benzene, toluene and xylene in combination 
with the water-miscible components methanol, ethanol, isopropanol, 
dioxan, acetone and acetic acid. A new method for the phase titration 
of binary solutions of liquids which are chemically similar is described. 
Results are given for the phase titration of binary solutions of the 
chemically similar liquids methyl aniline-aniline, nitrobenzene-aniline, 
carbon tetrachloride-chloroform, n-butyl bromide-n-butyl acetate and 
cyclohexane-benzene. Sampling procedures and sources of error are 
discussed. 

MOST of the titrations of binary solutions reported in this series depend on great 
differences in solubility of the components. For example, solutions of carbon tetra- 
chloride, which is completely immiscible with water, and methanol, which is com- 
pletely miscible, can be analysed using water as a titrant. Part of this work has been 
devoted to extending the original technique to 27 new systems of this kind. 

Boginl showed that it is possible to take advantage of differences in solubility 
even when the components of a binary solution are chemically similar. Thus he was 
able to titrate solutions of butanol in propanol because of the partial immiscibility 
of butanol with water. 

We will describe a method for the analysis, by phase titration, of binary solutions 
made up of components which are not only chemically similar but also have almost 
identical solubilities in water. The method is so sensitive to slight differences in 
solubility characteristics that it is possible to analyse solutions of chloroform in carbon 
tetrachloride and solutions of cyclohexane in benzene. 

The new technique, like the old one, is capable of extremely wide application. 

THEORY 

Consider, as an illustrative binary solution, carbon tetrachloride and chloroform 
(solubilities: O-077 and O-822 g/100 ml of water respectively2). The phase titration 
of each in combination with water-miscible organic liquids has been reported.sn* 
Although they are both regarded as being completely immiscible with water, the 
solubility curve of the carbon tetrachloride-ethanol-water phase diagram is slightly 
higher than the solubility curve of the chloroform-ethanol-water phase diagram5 as 
shown in Fig. 1.t 

It has been shown3 that a higher solubility curve gives a lower phase-titration 
calibration curve and vice versa. This is shown in Fig. 2. In the discussion that 

* Part II, i-ahnta, 1963, 10, 633. 
t In the actual experiment described, acetic acid was used instead of ethanol but the principle 

is the same. Ethanol is referred to in this discussion because the phase diagrams are readily available. 
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Ethanol 

FIG. 1 .-Ternary phase diagrams at /I 
A: carbon tetrachloridtithanol-water : 

B : chloroform-ethanol-water. 
Taken from the International Critical Tables.& 

0 I W 20 30 

CHCl~ 1 % 
Q&, % 

FIG. 2.-Type A solubility curves 
A: carbon tetrachloride-ethanol, 

B: chlorofo~thanol, 
titrated with water. 

The vertical line segment represents a constant composition with respect to ethanol. 
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follows, phase-titration calibration curves of the kind shown in Fig. 2 will be referred 
to as Type A solubility curves. 

If, instead of titrating binary solutions of ethanol and immiscible component with 
water, one titrates ternary solutions of carbon tetrachloride, chloroform and ethanol 
with water, the titres will fall in the area between the Type A solubility curves shown 
in Fig. 2. The locus of the number of ml of water necessary to cause turbidity, as a 
function of the composition of the three component system titrated, is the three- 
dimensional surface shown in Fig. 3. The Type A solubility curves are the XZ 
plane and the outer edge of the solubility surface which is parallel to it. Notice that 

FIG. 3.-The solubility surface for the ternary system carbon tetrachloride-chloroform- 
ethanol titrated with water. 

The axes are: X, 100 - % ethanol; Y (ml of carbon tetrachloride/ml of carbon tetra- 
chloride + ml of chloroform), 100, i.e., ‘A carbon tetrachloride before the addition of 

any ethanol or water; and Z, ml of water necessary to cause turbidity. 
The vertical plane parallel to the YZ plane shown in the diagram indicates constant 

ethanol composition. 

the concentration of water necessary to cause turbidity as a function of three other 
composition variables is not a surface in four dimensions because, of the four com- 
position variables, only three are independent. 

Now simplify the problem by holding the amount of ethanol constant and allowing 
variation in the ratio of carbon tetrachloride to chloroform. Let the constant com- 
position of ethanol be represented by the vertical line in Fig. 2. This line and an 
intersecting line perpendicular to the plane of the page define a plane. The plane 
so defined intersects the solubility surface as shown in Fig. 3. Its projection on the 
YZ plane is Fig. 4, the number of ml of water necessary to cause turbidity as a function 
of carbon tetrachloride percentage at constant amount of ethanol. Fig. 4 will be 
referred to as a Type B solubility curve. Its use as a calibration curve for the phase 
titration of binary solutions of carbon tetrachloride and chloroform is described in 
detail in the Experimental section. 

The projection of the Type B solubility curve on its vertical axis gives the vertical 
line segment between the two Type A solubility curves in Fig. 2. The intersection of 
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CHCl,, X 

Fro. 4.-Type B solubi~ty curve for the system carbon ~~achlo~d~hlorofo~. 
The horizontal axis represents the % chloroform before addition of ethanol. 

the vertical line segment with the Type A solubility curves gives the upper and lower 
limits of the Type B solubility curve, i.e., 0% and 100%. The greater the separation 
of the Type A solubility curves, the greater will be the slope of the Type B solubility 
curve and the greater will be the accuracy of any determination which depends on it. 

The separation of the Type A solubility curves depends on the following factors: 
The nature of the immiscible component is of prime importance. 
The amount of miscible component added determines the position of the vertical 

line in Fig. 2.’ Sometimes advantage can be taken of flat portions and bulges in the 
Type A solubility curves to achieve a wider separation. Generally, the Type A solu- 
bility curves converge as they approach the horizontal axis, so that a wider separation 
is achieved at higher proportions of the miscible component. On the other hand, 
the end-point is usually sharper at lower proportions of the miscible component. 
There is an optimum proportion of miscible component which best satisfies both of 
these conditions. 

Shifting the position of the vertical line in Fig. 2 also determines the size of the 
titre. It is generally best placed so that the limits of the Type B solubility curve are 
about 1 and 12 ml. 

Doubling the sample size doubles each titre and doubles the separation of the 
Type A curves. Thus, advantage can be taken, by appropriate increase in the sample 
size, of subtle differences in the solubility characteristics of the substances titrated. 

There are exceptions to this rule, but inspection of over one hundred Type A 
solubi~ty curves showed that the miscible component has little effect on the separation 
of the curves. Factors of availability and price were most important in determining 
the choice of the miscible component, and we expect that a change in the miscible 
component in the systems reported in Table II would have little effect on the results. 
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Bogin has suggested, but not carried out, the application of this principle to 
analogous systems in which the ratio of two completely water-miscible components 
can be determined by phase titration with water in the presence of a constant amount of 
a water-immiscible or slightly water-miscible component. He suggests that ethanol- 
propanol mixtures can be titrated with water in the presence of a constant amount 
of butanol. Bogin has also devised a method for the titration of chemically similar 
components using as the titrant, not water, but binary and even ternary solutions in 
which one of the components is water. Such a method involves titration surfaces 
like the one shown in Fig. 3, but is less easily visualised because the addition of 
titrant causes a variation in two or even three of the composition variables. The 
selection of the composition of the mixed solvent titrant was empirical. The dis- 
advantages involved in the use of a mixed-solvent titrant, which must be exactly the 
same in composition from one titration to the next, as contrasted to water, which never 
need be standardised, are discussed by Bogin. 

EXPERIMENTAL 

Reagents 

Reagent-grade carbon tetrachloride and benzene were obtained from E. Merck A. G., Darmstadt. 
Reagent-grade aniline and xylene were obtained from Mallinckrodt Chemical Works, New York 
and reagent-grade nitrobenzene from Fischer Scientific Co., Fair Lawn, N.J. Technical methyl 
aniline was obtained from Amend Drug and Chemical Co., New York, and practical-grade cyclo- 
hexane from Eastman Organic Chemicals, Rochester, N.Y. 

TABLE I.-RESULTS FOR THE TTTT(ATION OF 27 HOMOGENEOUS BINARY SYSTEMS WITH WATER, 
The end-point was indicated by the appearance of a distinct permanent turbidity. 

Sample 
Optimum range, Number of Average error, 

% titrations absolute ‘A 

Dichloromethanemethanol 13-50 
Dichloromethane-ethanol 15-50 
Dichloromethaneisopropanol 17-38 
Dichloromethane-dioxan 7-22 
Dichloromethane-acetone 6-20 
Dichloromethane-acetic acid 1 S-50 
Cyclohexane-methanol I-10 
Cyclohexane-ethanol l-20 
Cyclohexane-isopropanol 5-45 
Cyclohexane-dioxan 1-15 
Cyclohexane-acetone 1-25 
Cyclohexane-acetic acid 1-7 
Ally1 bromide-methanol 4-35 
Ally1 bromide-ethanol 5-40 
Ally1 bromideisopropanol lo-45 
Ally1 bromide-dioxan 4-25 
Ally1 bromide,-acetone 3-20 
Ally1 bromide-acetic acid 5-30 
Benzene-dioxan 3-20 
Benzene-acetone 4-25 
Benzene-acetic acid 5-30 
Toluene-dioxan Z-20 
Toluene-acetone 3-23 
Toluene-acetic acid 2-25 
Xylene-dioxan l-20 
Xylene-acetone 2-25 
Xylene-acetic acid Z-20 

9 
12 

6 
12 
10 
14 
12 
12 
12 
12 
12 
12 
12 

:: 
12 
12 
12 
12 
12 
12 
12 
12 
12 
6 

12 
12 

o-21 
0.19 
0.23 
0.19 
0.22 
0.23 
0.10 
0.06 
o-04 
0.13 
0.03 
0.05 
0.01 
0.05 
0.08 
0.07 
0.09 
0.22 
0.05 
0.05 
0.06 
0.04 
0.16 
0.06 
0.09 
0.04 
0.11 

10 
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Chemicals of unspecified grade were toluene and dichloromethane (density 1.322-1.324) from 
E. Merck; and ally1 bromide (3-bromopropene, b.p. 70-71”, lot no. 370220) from Matheson Coleman 
and Bell, New Jersey. All other reagents have been described elsewhere, and their sources given.” 

Sampling procedure 

Aliquot portion method: An appropriate volume of the water-insoluble or least water-soluble 
component was pipetted into a 50-ml volumetric flask and diluted to the mark with the water-soluble 
or most water-soluble component. For example, in Table I, cyclohexane was diluted to the mark 
with methanol; and in Table II carbon tetrachloride was diluted to the mark with chloroform. 
Aliquot portions (10 ml unless otherwise noted) were withdrawn for titration with water. The first 
was arbitrarily taken as a point on the calibration curve and the remaining three were taken as 
synthetic unknowns. 

TABLE IL--RESULTS FOR THE TITRATION OF 5 HOMOGEK~OUS BINARY SYSTEMS WITH WATER 
A soluble component was added to each before titration 

Sample 

Soluble Sample Soluble Average 
component taken, component No. of error, 

added ml added, ml titrations absolute % 

Methylaniline-aniline Ethanol 10 10 12 0.16 
Carbon tetrachloride-chloroform Acetic acid 10 25 10 0.65 
n-Butyl bromide- 

n-butyl acetate 

nButy1 bromide- 
n-butvl acetate 1 

Ethanol 10 15 10 1.0 

Ethanol 10 15 9 @32 

Nitrobehzene-an&e Ethanol 10 10 12 0.43 

Cyclohexane&nz.ene 

Cyclohexanebenzene 

90% ethanol 3 
10% water 

Ethanol 5 

25 

25 

15 1.1 

15 0.59 

Individual portion method: An appropriate volume of each component was measured into a 
titration vessel. The volume percentage of the least soluble component was calculated, disregarding 
volume changes caused by mixing. Alternatively, weight percentages could have been used. After 
constructing the calibration curve, synthetic unknowns were prepared by the same method and 
determined by comparison. Compositions of the synthetic unknowns were, in most cases, different 
from the solutions used to construct the calibration curve. 

Titration procedure 

The results in Table I were obtained as described in the first paper of this serie~~ 
The data in Table II were obtained by placing 3-10 ml of the unknown binary solution in a 

beaker and diluting with 10-25 ml of a liquid miscible with water and both components of the 
solution to be analysed. The amount of each liquid used, and the miscible component chosen are 
given in Table II. The criteria for the choice of the miscible component are maximum separation of 
the Type A solubility curves and a sharp end-point. The criteria for choosing the amount of miscible 
component are similar: maximum separation of the solubility curves consistent with a good end-point 
and a convenient titre. The criteria for good end-points have been discussed elsewhere.’ 

The ternary solution so obtained is then titrated with water. The behaviour of the solution during 
titration and the end-point is in all respects similar to the phase titration of binary solutions with 
water. A Type B solubility curve is constructed from known samples, and synthetic unknowns are 
determined by comparison. 

Calculations 

The calculations are straightforward, except that in the single sample method, if the final volume 
of all the samples is not the same, they must be normal&d to one another. Thus, if one sample is 
made up by adding 2 ml of one component to 10 ml of the other, and if the second sample is made up 
by adding 3 ml to 10 ml. the titres could be normal&d by multiplying the second by 12/13. 
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RESULTS AND DISCUSSION 

Table I shows the results of the titration of 27 binary systems containing one 
water-miscible component. All end-points are fair to good except cyclohexane- 
acetic acid and ally1 bromide-acetone. Even those titrations with fair or poor end- 
points gave small errors because the calibration curves are steep in the optimum 
titration range. 

Table II shows the results for 5 binary systems both components of which are 
insoluble in water. The maximum titre was 10-15 ml, and the separation of the 0% 
and lOOo/o titres was about 10 ml. The two series of determinations on the system n- 
butyl bromide-n-butyl acetate only differed in that the first was by the single sample 
method and the second by the aliquot portion method. A mixed solvent was added 
to the first of the cyclohexane-benzene systems to bring the titre into a more con- 
venient range. All end-points were good to excellent with the exception of the first 
cyclohexane-benzene system, which was fair to poor. All systems in Table II showed 
a gradual opalescence followed by a sharp turbidity. This effect has been discussed 
before6 but was much more noticeable in the systems given in Table II than in any 
other systems we have studied. The end-point is similar to, but not identical with, 
the end-point of a 100% sample of the less soluble of the two components. All cali- 
bration curves increased in slope with increasing titre, as shown in Fig. 3. 

Errors 
Of the systems given in Table I, those in which dichloromethane is one of the 

components were done by the single sample method, and the others were done by 
the aliquot portion method. The error reported for the latter may be called titration 
error, and largely results from uncertainty in the end-point. The error reported for 
the dichloromethane systems is the sum of the titration error, the errors arising from 
sample mixing and measurement and the errors resulting from interpolation between 
points on the calibration curve. In principle, these sources of error can be reduced 
to any desired level by more sophisticated measuring techniques and more points 
on the calibration curve. The two systems containing n-butyl bromide in Table II 
have the same relationship as that described above. 

If many points are to be taken on the calibration curve, it may become tedious 
to construct a new curve each time there is an appreciable temperature change. The 
use of a constant-temperature room has the advantage in convenience over the use 
of a thermostatted bath. Even though heat of mixing causes temperature fluctuations, 
these effects will cancel between the unknown and the calibration curve (all other 
factors being constant). Sensitivity to temperature change varies considerably from 
one system to another. 

The last two series in Table II show the effect of curve separation and end-point 
quality on accuracy. 

In the penultimate determination, the difference in titres was about 11 ml, but in 
order to achieve that separation the composition line intersected the Type A solu- 
bility curves where they were very steep. We have seen4 that most systems have the 
best end-point on the flat of their Type A solubility curves. 

The final entry in Table II shows the same determination at a lower relative ethanol 
concentration. The difference between maximum and minimum titres has been re- 
duced to 9.5 ml but the end-point has been improved and the error considerably 
reduced. 
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Z~e~~~-Ergebn~se der Ph~entitratio~ 27 neuer biniirer 
Liisungen mit den wa~~l~s~hen Komponenten Dichlo~eth~, 
Cyclohexan, Allylbromid, Benzol, Toluol und Xylol und den wasser- 
l&lichen Komponenten Methanol, Ethanol, Isopropanol, Dioxan, 
Aceton und Essigsiiure werden anpgeben. Eine neue Methode ftir die 
Phasentitration bintier Liisungen chemisch ghnlicher Fliissigkeiten 
wird beschrieben. Ergebnisse werden ftir die Phasentitration bintier 
LBsungen der chemisch t&lichen Fliissigkeitspaare Methylanilin- 
Anilin, Nitro~~ol-bilk, Te~achlorko~enstoff-Chloroform, n- 
Butylb~mid-n-Butyla~~t und ~cloh~-~~01 angegeben. Ver- 
fahren zur Probenahme und Fehlerquellen werden diskutiert. 

R&a&-On donne les r&sultats de la determination de la composition 
des phases de 27 nouveaux mt%nges binaires de liquides non miscibles 
B l’eau: dichlorom&hane, cyclohexane, bromure d’allyle, benzkne, 
toh&ne et xyl&ne combinks & des liquides miscibies ;i l’eau: m&hanol 
&hanol, isopro~ol, dioxanne, a&one et acide ac&ique. Une 
nouvelle mt%hode pour la d&termination de la composition des phases 
de m&anges binaires de liquides qui sont chimiquement analogues est 
d&rite. On donne les r&ltats de la d&termination de la composition 
des phases de m6langes binaires de liquides chimiquement analogues: 
m&hylaniline-aniline, nitrobenz.&ne-aniline, tCtrachlorure de carbone- 
chloroforme, bromure de n-butyle-a&ate de n-butyle et cyciohexane- 
benz&ne. Les m&hodes ~~hantillonnage et les causes d’erreur sont 
d&u&s. 
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LE TITRAGE ENTHALPIMETRIQUE DE QUELQUES 
REACTIFS ORGANIQUES SOUFRES UTILISES 

EN CHIMIE ANALYTIQUE 

E. POPPER, L. ROMAN et P. MARCU 
Departement de Chimie Analytique de la Facuhe de Pharmacie Cluj, Rumania 

(Regu le 29 Juillet 1963. Acceptk le 7 Septembre 1963) 

R&sum&-Dam le present travail on a app!ique la methode de titrage 
enthalpimetrique de deux reactifs organiques soufres, le 2-mercapto- 
knilino-1,3,4-thiodiazol et l’allylmonoamide de l’acide hydrazin- 
N,N’-bisthiocarbonique, qui out un caractere t&s faiblement acide. 
On a applique une technique manuelle discontinue, et dans le cas de 
l’allyl-monoamide de l’acide hydrazin-N,N’-bisthiocarbonique on a 
pro&de a une transformation des coordonnees droites en coordonn6es 
obliques, afin d&carter l’influence des processus secondaires sur l’effet 
thermique de la reaction de neutralisation. A partir des don&es 
experimentales on a calcule aussi les chaleurs de neutralisation de ces 
reactifs par l’hydroxyde de sodium. 

PRINCIPE DE LA MRTHODE 

Tourn reaction chimique est accompagnee dune variation de l’enthalpie du systeme, 
ainsi que l’attestent les effects thermiques qui ont lieu pendant la reaction. De ce fait, 
des renseignements precieux peuvent &tre obtenus sur une reaction chimique par la 
connaisance des tchanges thermiques au tours de la reaction. 

La methode de titrage enthalpimetrique a Ctt I’objet de modifications, tant en ce 
qui conceme la denomination que la technique de travail. A l’origine, cette methode 
Btait nommee “titrage thermique” ou “titrage thermometrique” et la quantite de 
chaleur dtgagee etait determinCe ca1orimCtriquement.r 

La determination calorimetrique de la quantite de chaleur dtgagee au tours d’une 
reaction chimique implique certaines difficult&. Dutoit et Grobet2 ont remplact la 
determination calorimetrique de la quantite de chaleur par la mesure des variations de 
temperature. Par ailleurs, par la difference de titrage potentiomttrique, on Bvalue 
l’energie libre au moyen de la reaction: 

AF = -ezFy 

(a = f.e.m. de la pile, z = nombre d’equivalents qui participent au transport du 
courant Blectrique, Fy = constante de Faraday).3 

Les titrages enthalpimttriques mettent en evidence dune part l’energie libre et 
d’autre part l’entropie du systbme, en vertu de la relation: 

AH=AF+TAS 

(AH = variation de l’enthalpie, respectivement du contenu calorique, AF =variation 
de l’tnergie libre, AS = variation de l’entropie, T = temperature absolue). 

11 en resulte avec 6vidence pourquoi la notion de “titrage thermique” ou de 
“titrage thermometrique” a et6 remplacee par celle de “titrage enthalpimttrique”. 
En outre, cette notion rend mieux compte de la methode. 

515 
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TECHNIQUE DE TRAVAIL 
Ainsi que nous le signalions, la technique de travail a subi elle aussi des modifications au long 

des am&s. C’est ainsi que de la determination calorim&ique de la quantit6 de chaleur on est pas& 
51 la determination de la variation de tempkrature. Cela est r&lisable soit 51 l’aide d’un thermom&re 
diffkrentiel Beckmann, soit d’un thermistor. 

11 importe que ces Wages soient effect&s dans des vases thermiquement isol&Dewar-, avec 
des dispositifs de titrage Bgalement isol&, que l’on ajoute des quantit&s 6gales de r&a&f & des inter- 
valles de femps &gaux et que l’on mesure la temperature avec toute la pr&sion possible. On repr&ente 
graphiquement la variation de temperature, en fonction des ml. de reactif addition&s, tandis que la 
courbe obtenue repr&ente le titrage enthalpimbtrique, dans le processus dorm& 

Dam lea installations modemes, rkalis&s par certains chercheurs,‘~b on effectue les t&rages 
enthalpim&riques ZI l’aide de burettes & &zoulement constant, tar&s que la variation de la temperature 
est enregistr& par un thermistor et la courbe de titrage se trace avec un enregistreur potentio- 
m&rique. 

La technique utilis& par nous a et6 la suivante: un vase Dewar, is016 lui aussi par p&caution, 
une burette Schelbach de grande p&&ion introduite dans un manchon de verre, tin de r&al&r 
l’isolation thermique par la couche d’air form& de la sorte, un thermom&re Beckmann, et pour 
l’agitation continue et constante un agitateur &ctromagn&ique du type I.O.R. (R.P.R.). Pour la 
lecture des milli&mes de degr4 nous avons utilisd une loupe. Avant la dkterrnination on v&ifie les 
temperatures des solutions contenues dans la burette et le vase Dewar il l’aide d’un thermomhtre 
d&imal. La ditT&ence entre les temperatures de la solution il titrer et la solution titrante ne doit pas 
&re plus grande que 0,3”C. La pointe de la burette doit &re effilk et isoMe, et elle s’introduit dans 
le vase Dewar par un bouchon en li@e, tout comme le thermom&re Beckmann. 

Les d&rminations doivent Qtre faites dans une pi&e oti les variations de temp&ature soient 
minimales; les solutions y sent abandonn&s pendant une heure environ pour permettre l’kquilibre 
de la temp&ature avec celle du milieu ambiant. 

APPLICATION DE LA MaTHODE 

Cette m&hode physico-chimique peut &re appliquCe B l’6tude de beaucoup de 
rkactions chimiques, parmi lesquelles nous signalons: la neutralisation des acides 
polybasiques, le dbplacement des acides faibles de leurs sels avec des bases fortes, la 
prkipitation des hydroxydes mCtalliques, la formation des hydroxydes amphottires, 
la formation des sels basiques, diverses prkipitations analytiques, la formation de 
complexes, rbactions d’oxydation-rkduction, sulfonations, titrages” ainsi le titrage de 
certains alcaloides.’ Contrairement aux m6thodes de volumCtrie physico-chimique, 
conductivitks 6lectriques et sauts de potentiel, comme indicateurs, cette mCthode n’est 
pas assez pr6cise pour un dosage analytique. 

Dans le p&sent travail, nous rapportons une 6tude enthalpimktrique de la reaction 
de neutralisation de quelques rCactifs organiques soufrbs, h savoir le 2-mercapto-5- 
aniline-1,3,4,-thiodiazol (I) et l’allyl-monoamide de l’acide hydrazin-N,N’-bisthio- 
carbonique (II), par de l’hydroxyde de sodium: 

HC--- 
II 7 

CH,=CH-CH,-HN-CLS CH.j===CH-CH,-NH-C-SH 
I II 

HN-C C-SH NH N 
I \/ I e I 
GH, S NH 

I ‘i; 
H,N--C==S H,N-C-SH 

0) (II) 
la forme cktonique la forme Bnolique 

Cette 6tude vient cornpEter celles effectukes avec ces rkactifs en vue d’klaborer de 
nouvelles mkthodes gravimttriques rapides, colorimttriques, etc.,s pour le dosage des 
divers cations, ainsi que les recherches tendant a remplacer l’hydroghne sulfur6 
comme rCactif analytique. 
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Compte term du fait que ces reactifs ont un caractere faiblement acide, en raison de 
l’influence que l’atome de soufre exerce sur l’hydrogene qui lui est lie ou qui est 
voisin, nous avons cru utile de proceder au titrage enthalpimetrique, afin de deceler le 
comportement de ces reactifs dans certaines reactions. Cela est d’autant plus utile 
qu’il est bien connu que l’on titre difficilement les acides trbs faibles par la titrimttrie 
habituelle. Dans le cas des acides bibasiques tres faibles, le second palier de dissocia- 
tion ne peut pas mCme &re mis en evidence. Or, on verra que, par cette methode, dans 
le cas de L’allyl-amide on peut mettre en evidence le deuxieme palier de dissociation. 
On a calcule aussi la chaleur de neutralisation dans le cas des deux reactifs. 

Rl%ULTATS DES EXPERIENCES 

A. D&termination de la constante enthalpimktrique de la cellule 

Avant d’effectuer un titrage enthalpimetrique, il importe de determiner experi- 
mentalement la constante enthalpimetrique de la cellule oti l’on fait le titrage, en 
utilisant la relation : 

AH 
Q=NmmQ 

oil: 
Q = la constante enthalpimetrique de la cellule, 

Nm = nombre de mols du produit form& 
AH = AH” = 13.4 kcal/mol, 

ATo = la variation totale de temperature, a la neutralisation de 250 ml de HCI. 
O*OlM par une solution d’hydroxyde de sodium IM. Pratiquement, on place dans la 
cellule 250 ml de HCl 0.01&f et on tit& par de l’hydroxyde de sodium @lM en 
ajoutant un ml. de minute en minute. Cicontre (fig. 1) est representee la courbe de 
titrage enthalpimetrique de l’acide chlorhydrique par de l’hydroxyde de sodium, qui 
permet de determiner la constante enthalpimetrique de la cellule de titrage. 

NaOH, ml 

FIG. 1 

Si AH = AH” = 13.4 kcal/mol, AT, = 0*12”C et Nm = OGI3063, la constante 
enthalpimetrique a la valeur: 

AH 

Q=N AT, 
m - = OM3063 E = 0.34205 kcal/“C. . 
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R. Titrage enthalpime’trique du 2-mercapto-5-anilino-1,3,4,-thiodiazol 

Ce reactif a une fonction mercapto dont l’atome d’hydrogene peut etre remplact 
par des metaux. Comme now venons de le dire, ce rtactif a CtC employe pour le 
dosage pour divers cations (Agf, Pb2+, Cu”, HgZf, Cd2f, Bi3+). 

Ce rtactif a Cte titre en solution M/334*4 par une solution 0.LV.f d’hydroxyde de 
sodium, en ajoutant a 300 ml de rtactif, 2,5 ml d’hydroxyde de sodium par minute. 
Le reactif &ant insoluble dans I’eau on a prepare aussi bien le reactif que l’hydroxyde 

NoOH, Ml 

FIQ. 2 

en solutions alcooliques (50% alcool). Ce fait est particulibrement important parce 
que, lorsqu’on travaille avec une solution alcoolique de rtactif et une solution aqueuse 
d’hydroxyde, l’effet thermique de la dilution de l’alcool est beaucoup plus grand que 
celui de la reaction. La courbe de titrage pour ce cas est representte dans la fig. 2, ou 
est consignee la variation de temperature AT, en fonction du volume de rtactif 
ajoutt. 11 ressort du graphique, comme prenu que dans l’intervalle A-B la temperature 
varie de manitre lindaire. Au point B, qui normalement devrait correspondre au 
point d’tquivalence, la temperature demeure constante, et l’on obtient un palier 
horizontal parallele a l’axe des abscisses. 

Nous avons essay6 d’appliquer la mtthode a des dosages, mais pour de petits 
volumes d’hydroxide (0.5-l ml) la variation de temperature est trts petite, surtout 
autour du point d’equivalence, parce que ce reactif est un acide trbs faible. 

Puisque dans ce cas AT = 0*04”C, Q = 0.34205 et Nm = OWO99135, dans cette 
reaction la chaleur de neutralisation est: 

AH=gm.AT= 
O-34205 

0*00099135 * 
0.04 = - 13.801 kcal/mol. 

C. Titrage enthalpimktrique de l’allyl-monamide de l’acide hydrazin 

N,N’-bisthiocarbonique 
Avec ce rtactif, le titrage enthalpimetrique est plus utile et plus inttressant parce que, 

ayant deux fonctions mercapto dun caractere acide plus faible (K, = 1.437 . 10-11), 
la mtthode offre la possibilite de mettre en evidence le second palier de dissociation. 

Dans ce cas aussi nous avons travaillt avec des solutions alcooliques (50 % alcool) 
de reactif et d’hydroxyde en placant dans la cellule 200 ml de reactif M/29*996, et 
ajoutant de minute en minute 2 ml NaOH env. 1M. 

La courbe de titrage est consignee dans la fig. 3, oti on a represent6 graphiquement 
les variations de temperature au tours du titrage (AT) en fonction du volume d’hydro- 
xyde de sodium ajoute. 11 ressort du graphique que la temperature varie de man&e 
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NaOH, ml 

FIG. 3 

lineaire dans I’intervalle A-B. Cette portion de la courbe correspond a la neutralisa- 
tion du premier atome d’hydrogtne. A partir du point B, la pente de la courbe se 
modifie brusquement, la temperature variant Cgalement de maniere lintaire sur la 
portion B-C, qui correspond en realite au titrage du deuxieme atome d’hydrogene. 
A partir du point C, la pente de la courbe se moditie de nouveau, la temperature 
variant de man&e lineaire lorsqu’on ajoute l’excbs d’hydroxyde. 

Afin d’ecatrer l’effet thermique qui resulte du melange de deux liquides a des 
temperature relativement differentes, un systeme de coordonnees obliques, ayant les 
niueaux en ordonnte inclines avec la pente a Ctt adojte: 

La courbe de titrage transposte sur les nouvelles coordonntes est reprtsentee fig. 4. 
On remarque que cette representation met en evidence seulement la variation de 

temperature determinte par le prods de neutralisation, en Climinant l’influence des 

IO 12 14 16 16 20 

NaOH, ml 

FIG. 4 
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ph&om+nes secondaires. Ce fait ressort avec Evidence lorsqu’on prolonge le segment 
C’D’ et que I’on trace une parallble a l’abscisse par B’, ce qui d&ermine sur l’ordonn& 
les points E et F correspondant li la variation de tempdrature due uniquement au 
processus de neutralisation. 

On passe aux coordonnCes obliques & l’aide des Equations de transformation 
suivantes : 

Y=y-px 

x=x- 
oh: 

X et Y sont les coordonnCes du nouveau systtme de reprksentation, x et y les 
coordonntes de l’ancien systkme, et p la pente de la dernitre portion de la courbe. 

Les coordonn&es des points B et C dans le systeme de coordonn6es droites sont 
AT 0.04 

xn = 6, yB = O-06, la pente du segment CD, p = bn = 4 = 0.01, et apr&s la 

transformation en coordonnCes obliques, les coordonnCes des points B’ et C’ sont: 

XB’ = 62/1 + 0.0001 = 6~ 

YB’ = 0.060 - 0.006 = 0.054 

Xd = l&l + 0wO1= IO& 

Yo’ = 0.08 - 0.01 = 0.07. 

Etant don& que l’accroissement E a de Xn, et Xc, par la transposition en coordon- 
n6es obliques est trbs petit on le nbglige, de sorte que ces coordonnCes restent pratique- 
ment les m&mes; en revanche, la diminution de Yg, et Yc, est sensible. 

En ce qui concerne la chaleur de neutralisation, on la calcule comme dans le cas du 
titrage du 2-mercapto-5-anilino-1,3+thiodiazol au moyen de la relation: 

AH=gm.AT. 

Compte tenu du fait que la valeur de la constante enthalpimetrique de la cellule est 
Q = 0.34205, AT, = 0.054, AT, = T - T, = 0.07 - 0.054 = 0.016 et que Nm, = 
Nm, = OGI337, les valeurs des chaleurs de neutralisation pour les deux paliers de la 
reaction sont : 

AH, = -5.5403 kcal/mol 

AH, = -1.6417 kcal/mol 

CONCLUSIONS 

1. Le titrage enthalpimdtrique du 2-mercapto-5-anilino-1,3&thiodiazol et de 
l’allyl-monoamide de l’acide hydrazin-N,N’-bisthiocarbonique par de l’hydroxyde de 
sodium dtmontre l’allure des r&actions de neutralisation, et dans le cas du dernier 
rdactif permet de mettre en evidence le second palier de dissociation (par la trans- 
position de la courbe en coordonnbes obliques). 

2. La m&hode permet de calculer les chaleurs de neutralisation dans le cas des 
deux rbactifs, apr&s la determination prtalable de la constante enthalpimbtrique de la 
cellule. 
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3. En depit des essais que nous avons faits, la methode n’a pas pu Qtre utilisee 
pour des determinations quantitatives; Nous pensons neanmoins y parvenir en 
modifiant la technique de travail. 

4. Ce travail constitue le commencement d’une etude physico-chimique de ces 
reactifs qui ont Ctt ttudies et utilists a des fins analytique. Nous aurons en vue, par 
suite, d’etudier le problbme de la structure des combinations que ces reactifs forment 
avec les cations lourds. 

5. En ce qui concerne l’etablissement des equations de transformation en coor- 
don&es obliques, les auteurs ont joui de l’aide precieuse que leur a accordte 1’Institut 
de calcul de L’AcadCmie de la R.P.R. Cluj, auquel ils adressent par cette voie leurs plus 
vifs remerciements. 

Sum-Enthalpimetric titration has been applied to two organic 
sulphur compounds, 2-mercapto-5-anilino-1,3&thiodiazol and hydra- 
zine-N,N’-bisthiocarbonic acid allyl-monoamide, which are weakly 
acidic. A discontinuous manual technique has been used, and in the 
case of the allyl-monoamide a transformation from rectangular to 
oblique co-ordinates allows for the influence of secondary processes 
on the thermal effect of the process of neutralisation. From the 
experimental results the heats of neutralisation of the compounds with 
sodium hydroxide have also been calculated. 

Zusammenfassung-Die enthalpimetrische Titration wurde auf zwei 
schwach saure organische Schwefelverbindungen, 2-Mercapto-5- 
anilino-1,3,4-thiodiazol and Hydrazin-N,NI-bisthiocarbons&ureallyl 
monoamid, angewandt. Es wurde mit diskontinuierlichem Handbe- 
trieb gearbeitet. Im Falle des Allyhuonoamids wird dem Einflull von 
Sekundiirprozessen auf den therm&hen Effekt der Neutralisation 
durch obergang von rechtwinkligen auf schiefwinklige Koordinaten 
Rechnung getragen. Aus den Versuchsergebnissen wurden such 
die Neutralisationswarmen der Verbindungen mit Natriumhydroxyd 
berechnet. 
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Summary-The exchange behaviour of uranium, thorium, the rare 
earths and some other elements towards the strongly basic anion 
exchanger Dowex 1 in aqueous and metbanolic systems containing di- 
or tricarboxylic acids is described. Based on the measurement of the 
distribution coefficients in such media a method for the separation of 
uranium from thorium and the rare earths in an aqueous solution 
containing malonic acid has been developed. 

INTRODUCTION 

INVESTIGATIONS carried out by Zaki and Shakirl have shown that uranium can be 
separated from other elements on an anion exchanger by using buffered solutions of 
oxalic, succiuic or adipic acid. Uranium, thorium and zirconium, as well as other 
elements, form with these acids negatively charged complexes which are strongly re- 
tained by the exchange resin. 1-3 Several other authors have also reported on the 
adsorption behaviour of uranium and various other elements from solutions con- 
taining organic acids, such as acetick and ascorbic acid.7-g 

Previous research work dealing with the anion-exchange behaviour of uranium 
and other elements in organic acid-organic solvent mixtureslO showed that in such 
media many separation possibilities for uranium could be uncovered. For this reason 
we have now investigated the behaviour of some elements in the presence of poly- 
functional organic acids, especially the homologous dicarboxylic acids of the aliphatic 
series. 

Reagents 
EXPERIMENTAL 

Zon-exchange resin. The strongly basic anion exchanger Dowex 1, x 8 (NO-200 mesh, chloride 
form) was used. For the equilibrium and separation experiments in the various media the wrrespond- 
ing organic acid forms of this resin were employed. The preparation of these forms was performed 
according to the directions previously given for the monocarboxylic acid forms.10 

Standard solutions of uranium and other elements. Hydrochloric or nitric acid solutions of the 
chlorides or nitrates of precisely known element content were employed. For each experiment an 
aliquot corresponding to the desired amount of the element to be investigated was evaporated to 
dryness on a water bath. To the residue thus obtained, first the solid organic acid and then the 
solvent was added. 

Organic acids and solvenf. The following reagent-grade acids were employed: oxalic, malonic, 
succinic, glutaric, d,l-tartaric and citric. The methanol employed was also of reagent-grade purity. 

Apparatus 

The column operations were carried out in columns of the same type and dimensions as described 
earlier.’ For the fluorimetric determination of uranium a Galvanek Morrison Mark V fluorimeter 
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and for the spectrophotometric determination of the other elements a Beckman Model B spectro- 
photometer was employed. 

Quantitative determinution of elements investigated 

The determination of uranium was performed fluorimetrically,” and that of thorium and the 
rare earths spectrophotometrically by employing the azo dye Solochromate Fast Red.l**l* The 
other elements were determined quantitatively using photometric methods recommended by Sandell.14 

Determination of distribution coeficients 

The distribution coefficients of all elements were determined in the same manner as has earlier 
been described for the equilibrium experiments in mineral acid-organic solvenP and organic acid- 
organic solvenP mixtures. Twenty ml of solvent, containing a certain amount of the acid and 5 mg 
of the element in question, were equilibrated with 1 g of the resin. The results of the experiments 
shown in Figs. 1 and 2 were obtained by using varying amounts of acid whereas those recorded in 
Fig. 3 and in Table I were always performed in the presence of 1 g of acid. 

Column operations 

All separation experiments on resin columns were performed by employing the following working 
procedure. 

Pretreatment of resin bed. In order to transform the chloride form of the resin into the malonate 
form the resin bed was treated with a lo”/, aaueous malonic acid solution which had been buffered 
to a pH of approximately 5 to 6 with aqueous ammonia. As soon as the effluent was free from chloride 
ions (which was usually the case after the passage of leas than 50 ml of this solution), the resin was 
washed with 50 ml of a solution (washing solution) containing 50 g of malonic acid/l,000 ml of 
distilled water. 

Adsorption of uranium. The sorption solution was prepared by dissolving the residue obtained 
by evaporation of certain amounts of the standard solutions of the elements in question, first by 
adding 5 g of malonic acid to the dry residue, followed by 100 ml of distilled water. This solution 
was passed through the column at a flow rate of 0.5475 ml/min. During this operation uranium 
was strongly adsorbed whereas the other elements, i.e., thorium, cerium and gadolinium, passed into 
the effluent. 

Washing process. In order to remove the last traces of the other elements the resin bed was 
washed with 50 ml of the washing solution. 

Elution. The uranium was eluted with 100 ml of 1M hydrochloric acid. 
Further treatment of eluate and efpuent. After evaporation of the eluate to dryness (water bath) 

the uranium was determined as previously described .I4 During this process as well as when evapora- 
ting the effluent, malonic acid was decarboxylated, whereby acetic acid was formed, so that very 
little organic matter was present in the residue. In the residues obtained after evaporation of the 
effluents, thorium and the rare earths were determined by previously described procedures.1g~18 

The results of a series of such column separations are recorded in Table PI. 

RESULTS 

Effect of acid concentration on distribution coeficients of uranium and thorium 

In Figs. 1 and 2 the results of the experiments performed in aqueous and methanolic 
solutions containing varying amounts of the organic acids are recorded. 

Although the adsorption of uranium from oxalic acid solutions is higher than from 
all mixtures containing other acids, it did not seem practical to use this acid for further 
investigations because its solubility in water is rather low; furthermore, it forms 
insoluble precipitates with thorium, the rare earths and other elements in aqueous 
as well as in methanolic media. In malonic acid mixtures, however, both these ad- 
verse effects are not observed so that this acid was employed for the separation of 
uranium, thorium and rare earths on ion-exchange columns. 

By comparing Fig. 1 with Fig. 2 it can clearly be seen that the difference existing 
between the adsorption of uranium in aqueous and methanolic solutions is rather 
large (especially at a higher acid concentration) in comparison with that of thorium, 
which shows in both solvents a practically identical adsorption behaviour. Besides, 
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FIG. L-Adsorption of uranium and thorium from aqueous solutions containing 
di- and tricarboxylic acids: 

I-oxalic acid, IV-glutaric acid, 
II-malonic acid, V-tartaric acid, 

III-succinic acid, VI-citric acid. 

its solubility in methanolic solutions is rather limited. That is why in Fig. 2 only two 
curves for thorium could be established. Several experiments in other solvents, e.g., 
ethanol, n-propanol, acetone, etc., with some of the acids have shown that the ad- 
sorption of uranium from tartaric and citric acid media did not deviate appreciably 
from the results obtained in methanolic solutions, whereas in the presence of the 
other acids a decrease of uranium adsorption with increasing chain length of the 
alcohols could be observed15 in the case of oxalic acid. Because of the low solubility 
of the acids, however, no systematic investigations as to the adsorption of uranium 
or other elements were conducted in solvents other than water and methanol. 

Effect of water-methanol concentration 

In Fig. 3 the variation of the distribution coefficients of uranium at different water 
to methanol ratios is shown. From the results it is seen that the Kd of uranium in the 
dicarboxylic acid-methanol-water mixtures does not vary as much with increasing 
percentage of methanol as in tartaric and citric acid media, where a sharp decline of 
the Kd occurs when increasing the methanol content of the mixtures from 80 to 100%. 
This is because the hydrophilic hydroxyl groups of these acids gradually lose their 
complex-forming tendencies by a decrease in the water content of the mixtures. In 
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FIG. 2.-Adsorption of uranium and thorium from methanolic solutions containing 
di- and tricarboxylic acids: 

I-oxalic acid, IV-glutamic acid, 
II-malonic acid, V-tartaric acid, 

III-succinic acid, VI-citric acid, 
- - - - region of insolubility. 

the case of the dicarboxylic acids without hydroxyl groups, however, the adsorption 
of uranium in 100% aqueous solutions of the acids is less than in 100% methanol 
solutions of the acids, so that in the presence of these acids an increase of the methanol 
concentration increases the uranium adsorption. 

Adsorption behaviour of other elements 

In Table I the distribution coefficients of a series of other elements in aqueous and 
methanolic media containing malonic, succinic, glutaric, tartaric and citric acid are 
recorded. 

For comparison purposes the distribution coefficients of uranium and thorium in 
the various media have also been included in this table. 
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FIG. 3.-Effect of water-methanol concentration on uranium adsorption: 

I-malonic acid, 
II-succinic acid, 

III-glutaric acid, 
IV-tartaric acid, 

V-citric acid. 

From the results it is seen that malonic acid in methanol is superior to the other 
di- and tricarboxylic acids in-so-far as it shows the greatest solubility and sufficient 
acid strength to keep most of the investigated elements in solution without forming 
precipitates or causing hydrolysis. In aqueous solutions, however, all of the acids can 
be employed for the adsorption of uranium with nearly equal effect, irrespective of 
their chemical constitution. For the purpose of separating uranium from thorium 
and other elements (with the exception of iron, which could easily be separated from 
uranium in a water-succinic acid medium), the use of malonic acid seemed to be 
advantageous because most of the elements, except for iron and yttrium, show rather 
low distribution coefficients in aqueous malonic acid solutions. 

11 
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TABLE L-DISTRIBUTION COEFFICIENTS OF VARIOUS 
ELEMENTS 

Element Acid 

Solvent 

Water Methanol 

uop 
Th4+ 
Las+ 
Ces+ 
Prs+ 
Nd*+ 
Sms+ 
Eua+ 
GdS* 
TbS+ 
Dy3+ 
Hoa’ 
ErSf 
Tms+ 
Yb8+ 
Lua+ 
Sea+ 

e+ 
Es+ 

SrB+ 
Zn%+ 
Cda+ 
Ata+ 
In*+ 
cua+ 
Pb2+ 
33is+ 
Mn%+ 
Fea+ 
cog+ 
Nis+ 
uo,p+ 
The+ 
Ce*+ 
GdS’ 
cue+ 
Big+ 
Fes+ 
cog+ 
Ni2+ 
uop 
Pb2’ 
Bi*+ 
uo,*+ 
Thd+ 
Cea+ 
cua+ 
Bin+ 
Fe*+ 
Coa+ 
Ni”* 
uog+ 
Th’ + 

Malonic acid 
Malonic acid 
Malonic acid 
MaIonic acid 
Malonic acid 
MaSonic acid 
Malonic acid 
Malonic acid 
Malonic acid 
Malonic acid 
MaIonic acid 
Malonic acid 
Malonic acid 
Malonic acid 
Malonic acid 
Malonic acid 
Malonic acid 
MaIonic acid 
Malonic acid 
Matonic acid 
Malonic acid 
Malonic acid 
Malonic acid 
Malonic acid 
Malonic acid 
MaIonic acid 
Malonic acid 
Malonic acid 
Malonic acid 
Malonic acid 
Malonic acid 
Succinic acid 
Succinic acid 
Succinic acid 
Succinic acid 
Succinic acid 
Succinic acid 
Succinic acid 
Succinic acid 
Succinic acid 
GIutaric acid 
Glutark acid 
Gtutaric acid 
Tar&c acid 
Tartaric acid 
Tartaric acid 
Tartaric acid 
Tartaric acid 
Tartaric acid 
Tartaric acid 
Tartaric acid 
Citric acid 
Citric acid 

1,540 
45 
12 
33 
1.0 
1-o 
0.1 
0.1 
1.0 

;:; 

O-1 
1-O 
1-O 
1.0 
1.0 

100 
1.0 
0.5 

10-o 
1.0 
1.0 
I.0 
1.0 
6.3 
O-1 

33.5 
1-o 

324 
0.1 
3.2 

2,400 
84 
X 
40 

7.0 
65-O 

1-o 
0.1 
66 

9,500 
O-1 

107 
1,000 

147 
40 

7.0 
507 
160 

0-f 
17.2 

5,900 
200 

77,ooo 
142 

I,:% 

;o 
670 
708 
885 

:z 
465 
550 
505 
650 
670 
X 

8-O 
X 

10.0 
170 

16,6: 
1,920 

435 

&O 
X 
X 

0.1 
120 

6,ooO 
X 
X 
X 
X 
X 
X 

0.1 
66 

340,000 
X 
X 

7-o 
X 
X 
X 
X 
X 

o-1 
6.6 
1.0 

X 
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TABLE I (Continued) 

Element Acid 
Solvent 

Water Methanol 

Cea+ 
Gd*+ 
cue+ 

BP+ 
Fes+ 
co*+ 

Ni*+ 

Citric acid 
Citric acid 
Citric acid 
Citric acid 
Citric tid 
Citric acid 
Citric acid 

11.5 X 

815 X 

48.5 X 

X 

2;3 X 

0.1 0.1 
1.0 1.0 

x In these media completely or partially insoluble. 

In methanolic solutions of this acid, on the other hand, the possibility of co- 
adsorbing uranium together with thorium, the rare earths and other elements exists, 
so that malonic acid can be regarded as a more versatile complexing agent than the 
other acids, the element salts of which are also poorly soluble in methanol. 

Separation procedure 

Based on the results presented in Figs. 1 and 2 and in Table I a method of sep- 
arating uranium from thorium, cerium and gadolinium (as representatives of the rare 
earth elements) in an aqueous medium was developed. The experimental steps 
involved in this ion-exchange procedure have been described above under Column 
operations. 

In Table II the results of these resin column separations are recorded. It is seen 
that all separations of uranium from the other elements were practically quantitative. 
For this reason and because the break-through capacity for uranium under these 
conditions (2g of resin in column 15 cm high and 0.5 cm diameter) was found to be 

TABLE IL-SEPARATION OF URANIUM FROM OTHER 
ELEMENTS IN AQUEOUS MALONIC! ACID MIXTURES* 

Uranium Element to be Uranium Other element 
taken, separated from recovered, recovered, 

.% uranium, pg w rug 

10,000 
5,000 
5,ooo 
5,000 
5wO 

10,000 
5,000 
5,ooo 
5,000 
5,000 

10,000 
5wO 
5,000 
5,000 
5,000 

Th: 5,000 
Th: 1,000 

zi 100 50 
Th: 20 
Ce: 500 
Ce: 100 
Ce: 50 
Ce: 25 
Ce: 10 

::i 500 100 
Gd: 50 
Gd: 25 
Gd: 10 

9,950 
4,915 
4,937 
4,950 
5,010 
9,980 
4,978 
4,967 

2% 
10:013 
5,000 
4,980 
4,978 
5,000 

4,960 
985 
100 
48 

95.8 
50 
24 

9.5 
497 

97 
48 
27 
11 

* Each result is the average of 3 separations 
performed under the same experimental conditions. 
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60 mg of uranium, this procedure could be employed effectively for the removal of 
fission products like the rare earths, strontium, etc., from uranium. 

By this anion-exchange method not only the separation of these elements from 
uranium can be accomplished but also from a series of other elements (those having 
sufficiently low distribution coefficients, viz. <50). It is, therefore, of broad applica- 
bility, unlike the method described by Zaki and Shakirl which has only limited use 
for analytical purposes. 

Acknowledgements-This research was sponsored by the International Atomic Energy Agency and 
the United States Atomic Energy Commission under Contract No. 67/US (AT(30-l)-2623). The 
generous support from these agencies is gratefully acknowledged. 

Zusammenfassung-Es wurde das Ionenaustauschverhalten von Uran, 
Thorium, der seltenen Erden und einiger anderer Elemente gegeniiber 
dem stark basischen Anionenaustauscher Dowex 1 in w%&igen und 
methanolischen Systemen die Di- oder Tricarboxylsauren enthalten 
untersucht. Auf Grund von Messungen der Verteilungskoethzienten 
in derartigen Medien konnte eine Methode zur Trennung des Urans 
von Thorium und den seltenen Erden in malonsaurer wtiriger L&sung 
entwickelr werden. 

R&m&-On d&it l’echange de l’uranium, du thorium, des elements 
de terres rares et de quelques autres elements en presence de l’echangeur 
d’anions fortement basique Dowex 1 dans des systemes aqueux ou 
methanoliques contenant des acides di- ou tricarboxyliques. Devel- , 
oppement d’une methode basee sur la mesure des coefficients de 
distribution dans de tels milieux, pour s&parer l’uranium du thorium 
et des elements des terres rares en solution aqueuse contenant de 
I’acide malonique. 
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Summary-A study of the coprecipitation of thallium with As&, 
SnS,, MO&, Re,S,, PtSa, PdS, Ru&, Rh&, I&, and In&, and of 
indium with CuS and A&S by physicochemical analysis has shown 
that the process results from formation of the following compounds: 
TlAs&, TlSr&, TlMo&, TlReS,, TlPt&, TlPd&, TlRu$,, TlRh&, 
Tl,Ir,S, Tlln,S,, Cub& and AgIn&. A type of coprecipitation dia- 
gram characteristic for the case of the formation of chemical compounds 
has been established and the fields on it, corresponding to phases of 
definite composition, have been delimited. The formation in the 
coprecipitation of microdisperse systems of “colloidal” solid solutions 
of one sulphide in another has been shown. 

VARIOUS views have been put forward to explain the reasons for the coprecipitation 
of cations with sulphides. Is2 A number of authors consider that the entrainment of 
cations by sulphides results from formation of chemical compounds. Feigl explains 
the coprecipitation by the formation of heteropolymers or mixed sulphides of the 
type: Me%-SMe 11.3-5 OkaE also indicates the formation of heteropolysulphides 
(MeS), (Me’S),.6 He states that x and y may in special cases correspond to the 
stoichiometric figures for hypothetical complex compounds of the general formula 
[Me(SMe’),]S. According to Hawley’s results, in the simultaneous precipitation of 
T12S and SnS, and also of Tl,S and As,!& compounds of the composition Tl$nS, 
and T&ASS, are formed.7*8 Bruner and Zawadzki mention the compound Tl,S4CuS, 
which, in their opinion, is obtained in the coprecipitation of thallium with CUS.~ 
Malfatti considers that the precipitation of FeS in the presence of the alkali and the 
alkaline-earth metals gives thiosalts of the composition MeFeS, and Me(FeS,),, where 
Me is a uni- or bivalent cation .l” The compounds PbST12S and GaSZnS, formed in 
the coprecipitation of thallium with PbS and of gallium with ZnS, respectively, are 
referred to by Nanobashvili et al. 11*12 In the precipitation of sulphides of copper and 
germanium, Davydov and Diyev obtained a precipitate with a composition close 
to that for the compound CuSGeS2.13 

In the papers discussed, only individual facts indicating the formation of chemical 
compounds under certain conditions are given. In the majority of them, however, 
only hypotheses, not confirmed by direct experiments, are put forward about their 
formation. No investigations exist with a general approach to the solution of the 
question of the possibility of the formation of chemical compounds in coprecipitation. 

In an investigation of the coprecipitation of thallium and indium with sulphides of 
the second analytical group of the classical hydrogen sulphide scheme, we found that 
the phenomenon was clearly expressed where the sulphides in the system possessed 
opposite-basic and acidic-properties. This fact gave grounds for assuming the 
formation of chemical compounds. Consequently, we considered it desirable to carry 
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out investigations of the coprecipitation of cations with sulphides starting from the 
positions of the elements in the Periodic Table. This study of the phenomenon was 
carried out on the basis of physicochemi~l analysis. 

TCSn S, 
Cy In& 

Log ['l:In3+] in solution, PQ 

FIG, 1 .--Coprecipitation diagrams of TI with As&, SnSB and MO!&, and of In with 
Ag,S and CuS. 
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FIG. 2 .-Coprecipitation diagrams of TI with Re$, and PtSs. 

Physicochemical analysis with a constant concentration of one component and a 
variable concentration of the other was used. Construction of the coprecipitation 
diagrams was carried out by plotting as ordinates the amount of coprecipitation in 
per cent and as abscissae the logarithm of the con~n~ation of the tha~um or indium 
in the solution. The amount of coprecipitation was determined by a radioactive 
tracer method using the radioisotopes awT1 and U41n. 

EXPERIMENTAL 

I. Appiication of p~ysicoche~~cal analysis to the coprecipitution of thallium and i&km with st@hide 
Below we give data on the coprecipitation in a series of systems for sulphides of the met& 

mentioned. 

The systems Tlf, H+/AsO~~-, S’-; TIf, H+, Sn4f/S2-; TI+, H+/MoO,*-, Ss-; and Ti+, 
H+/ReO.,-, Sp; From the breaks in the copracipitation diagrams given in Figs. 1 and 2 may be 
deduced the formation of compounds having ratios of As, Sn, MO and Re to Tl of 1: 1. 
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The constancy of the distribution coefficient of thallium in the case of the coprecipitation of small 
concentrations of thallium is striking. * 

Analysis of the compounds isolated showed that they had the following compositions: TISr&, 
TlA& TlMoSs and TIReSI. 

An X-ray examination of TI%S, As&, SnSI, MoSa and ReS,, and also of TISnSI, TlAsS,, TlMoS, 
and TlReS,, gave amorphous pictures. 

The systems Cu*+, Ina+, H+/Y-; Ag+, In*+, H+/W. As follows from the coprecipitation diagrams 
given (Fig. l), chemical compounds are also formed in these systems. The breaks in the diagrams 
correspond to a ratio in the precipitates of Cu or Ag to In of 1: 1. 
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FIG. 3.-Results of calculation of the X-ray diagrams for CuS, In&, Cub&, AgS 
and AgInS,. 

The behaviour of low concentrations of indium is analogous to the cases of the coprecipitation 
of thallium already considered. 

From the results of analysis, the compositions of these compounds are as follows: CuI& and 
AgIr&. 

X-ray investigation showed diffraction pictures for CuInSs and AgInS, different from those for 
the starting materials CuS, Ag$ and In&, which is characteristic for the formation of chemical 
compounds (Pig. 3). 

Pd, Rh, Ru*Tl I:I 

Lg [TL+) in solution, pg 

FIG. 4.-Coprecipitation diagrams of Tl with Rh,S,, Ru& and WS. 

l The:distribution coefficient may be calculated from the formula K = &lid phase 

Gohltion 
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The systems Tlf, H’ / Ptrv, S2-; Tlf, H+/PdIr, S2-; Tl+, H’/Ru,IIr S2-; and Tlf, H+/RhIr, Se- 
Analogous results were also obtained in the coprecipitation of thallium with sulphides of the platinum 
metals, As can be seen from the diagrams given (Fig. 4), in contrast to those obtained previously 
the breaks in the curves correspond to a ratio of Pd, Ru and Rh to Tl of 2: 1. In the case of the 
coprecipitation of Tl with PtSs, the ratio of Tl and Pt in the compound formed is 1: 1 (Fig. 2). 

Analysis of the compounds obtained showed that they had the compositions: TIP&, TlPd&, 
TlRu& and TIRh&. The results of calculation of the X-ray diagrams for TWSs, TlPd&, TIRu& 
and TlRh& are given in Fig. 5. For PtSa, PdS, Ru& and Rh&, amorphous X-ray pictures were 
obtained. 
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FIG. 5.-Results of the calculation of the X-ray diagrams for TIRh&, TlPt$, TlPd& 
and TIRu&. 

The systems Tl+, Hf/IrrIr, ES-; Ins+, TV, H+/V-. In a study of the coprecipitation of thallium 
with Ir,S,, a diagram somewhat different from those given above was obtained (Fig. 6). From the 
break in the curve, as in the diagrams given in Figs. I,2 and 4, it may be concluded that a compound 
with a T1: Ir ratio of 1: 1 is formed. 

Analysis of the compound formed showed that it had the composition TI.Jr,S, the unusual nature 
of which is striking. 

The most interesting field in the diagram obtained is C, characterising a proportionality between 
the concentration of the cation in the solution and in the solid phase, which shows the formation of 

solid solutions (the distribution coefficient may be calculated from the formula K = 
C did phase 

C solution 
The X-ray diagrams of TI,Ir,S and Ir& are given in Fig. 7. The difference in the position and 

intensity of the lines of the TI,Ir$ X-ray diagram as compared with that for Ir& confirms the forma- 
tion of a chemical compound. 

It follows from the results of our study of coprecipitation in the systems given above that the 
formation of chemical compounds is found in those cases where one of the sulphides of the given 
system possesses basic properties and the other acidic properties. The elements giving these com- 
pounds are located in different groups of the Periodic Table. The rule mentioned has been confirmed 
in many cases of the coprecipitation of thallium with sulphides of an acidic character and of indium 
with sulphides of a basic character. It is quite natural to assume that the coprecipitation of thallium 
with In& wiil also lead to the formation of a chemical compound. The results obtained are given 
in Fig. 8. The break in the diagram corresponds to an In:Tl ratio in the precipitate of 1:0.5. 
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lg [T\‘] m solution, pg 

FIG. 6.-Coprecipitation diagram of Tl with Ir&. 
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Fw. ‘I.-Results of the calculation of the X-ray diagrams for TI,Ir,S and Ir&. 

Of particular interest is the shape of the curve for ratios of In to Tl in the solution of 1: 10, 1: 12, 
1: 14 and 1: 16, where there is a constant degree of coprecipitation of thallium with In&. On the 
diagram, this corresponds to the parallel course of the coprecipitation curve. The constancy of the 
distribution of thallium between the solution and the solid phase shows the formation of a solid 
solution of this composition with an excess of TIBS (field D). 

Analysis of the precipitate showed that the compound obtained had the composition TlIn,S,. 
The X-ray diagrams of TlIn& and In& are given in Fig. 9. The difference in the position and 

intensity of the lines of the X-ray diagrams of TlIn,S, and In& is characteristic for a chemical 
compound. 

Thus, in spite of the presence of indium and thallium in a single Sub-Group of the Periodic Table, 
in consequence of which the acidic-basic properties of In& and Tl,S differ less than for the sul- 
phides of the elements mentioned above, the formation of a chemical compound also takes place in 
this case. 

II. X-ray investigation of the solid phases obtained in coprecipitation when a chemical compound is 
formed 

A more complete idea of the reactions in the solid phases for the investigated concentrations of 
the coprecipitating cation can be obtained by the use of X-ray analysis. 

In the majority of the systems which we studied, the sulphides were amorphous to X-rays, which 
limited their application. The system Cu 2+, 
and CuInS, give sharp X-ray diagrams. 

Ins+, H+/Sa- proved to be suitable, because CuS, In& 
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I 2 3 4 5 

Log [Tl+] in solution. pg 

FIG. 8.-Coprecipitation diagram for Tl with In&. 
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FIG. 9.-Results of the calculation of the X-ray diagrams of In& and TIIn&,. 

The diagrams of coprecipitation of indium with CuS are given in Fig. 10. 
The changes in the composition of the phases formed in the coprecipitation of various concentra- 

tions of In*+ with CuS are shown schematically in Fig. 11 on the basis of the results of the X-ray 
analysis. 

In this diagram (Fig. 11) there are three regions : a single-phase region A’ (the pure CuS compo- 
nent), a two-phase region A (CuS + Cub& in various proportions) and a single-phase region (Cub&). 

Field A, where there is a constant distribution of indium between the solution and the solid phase, 
indicates the formation of solid solutions. However, it follows from the X-ray diagrams that this 
is a two-phase region. This contradiction can be resolved by assuming in our case the formation 
of a microdisperse system where the dispersion medium is CuS and the dispersed substance is Cub&. 
The structure, the particle size and the features of its formation are such that the uniform distribution 
of one phase in the other is possible. As can be seen from Fig. 11, from a certain ratio between CuS 
and Cub& onwards, the latter will be the dispersion medium and the CuS will be the dispersoid. 

The following facts favour this hypothesis. In the case of the coprecipitation of In*+ with CuS, 
because its molecules are being formed at the moment when the CuS produced passes through the 
colloidal stage, a uniform distribution of the compound formed, Cub&, throughout the volume of 
the CuS gel is quite natural. Entrainment of indium after the separation of the CuS in the form of a 
solid phase must also give a uniform distribution of CuInS, by virtue of the extremely high porosity 
of CuS and the possibility of the interaction of the In*+ ion practically throughout the mass of CuS, 
The exceptionally large specific surface of sulphide precipitates (600 ma) follows from its determination 
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FIG. IO.-Coprecipitation diagram of In with CuS. 

l_g [Ina+] m 5olut1on 

FIG,. 1 L-Change in the composition of the phases obtained in the coprecipitation of 
various concentrations of In** with CM. 

by the sorption of surface-active dyeP and by isotopic exchange between ions in the solution and the 
solid sulphide phase,” and also from electron-microscope pictures.14P 

The X-ray diagrams of the precipitates recorded were used to determine the particle dimensions 
of the phases of interest to us. Calculations of the mean effective grain size were carried out by 
Selyakov”s formtlla.” 

As the results showed, the mean effective grain size for CuS and CuIr& was cu. 3 x lo-& cm. 
Consequently, the particdes of C&IS,, with a degree of dispersion of 3 x lo-$ cm, are distributed 
in a precipitate of Cu.5 with a particle size of the same order. 

According to the hypothesis being discussed, the constancy of the distribution coefficient is 
co~ected with the formation of solid solutions with a mokular degree of dispersion of the compo- 
nents. The results we obtahred indicate the possibility of the compatibility of the constancy of the 
distribution of the coprecipitated cation and the absence of a molecularly dispersed distribution of 
one component in the other. In the present case, we encounter new facts requiring a revision of the 
hypotheses that have become established. 

III. Conditions offo~~tion ~~prope~t~e~ of the compound 

The compounds concerned are obtained as the result of coprecipitation, i.e., under somewhat 
unusual conditions. Consequently, it was of interest to study these conditions and also the properties 
of the compounds arising. It is possible in this way to obtain a more profound insight into the 
coprecipitation process. 
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In view of the fact that the sulphide precipitates have an enormous surface with HS- and Sz- 
ions present on it and giving to it a negative charge, it was essential to elucidate the role of adsorption 
in the formation of the compounds we were studying. 

It was possible to elucidate the dependence of the coprecipitation on adsorption by studying the 
influence on the degree of coprecipitation of the conditions existing when the coprecipitating cation 
was added to a precipitate of previously separated sulphide and also when foreign ions were present 
in the solution. 

The results obtained are given in Tables I and II. 

TABLE I-COPRECIPITATION OF THALLIUM WITH Re,S,, PtS,, PdS, Ru& AND Ir*S, UNDER 
VARIOUS CONDITIONS 

Coprecipitation of thallium, % 

Addition to previously formed precipitate 

Washed with 
HsO, but on the 

At the moment addition of Tl 
Metal of formation of Washed H&S-H,0 was 

sulphide the precipitate Unwashed with H,O introduced 
- --. -- 

Re& 51-7 40.7 6.5 15.8 
Pts, 49*9 21.6 2.6 10.1 
PdS 49.6 37.9 7.9 16.4 
Ru& 49.5 50.9 6.1 25.5 
Ir& 56.7 242 1.6 - 

TABLE II-INFLUENCE OF FOREIGN IONS ON THE COPRECIPITATION OF THALLIUM WITH Re,S,, 
PtS,, PdS AND Ru& 

Coprecipitation of thallium, % 

Foreign 
electrolyte 

__--. 
MgS0,(4.9 mg of Mg) 
A18(SO&(5.4 mg of Al) 
ZnS04(6.5 mg of Zn) 
In the absence of 
foreign electrolyte 

For a For a For a For a 
Re:Tl Pd:TI Ru:Tl Pt:TI 

ratio in ratio in ratio in ratio in 
the solution the solution the solution the solution 

of 1:2 of I:1 of 1:l of 1:2 

542 
52.4 
50.1 

51.7 49.6 

- 
51.1 
48.8 
50.0 

50.1 52.8 
50.9 49.1 
51.2 51.9 

49.5 49.9 

As the results given show, the coprecipitation of thallium at the moment of formation of Ru& 
is identical with that produced by a previously formed precipitate of this sulphide. In the case of 
Re&, Pt&, PdS and Ir&, thallium is coprecipitated in considerably greater amount than when it 
is added to preformed precipitates of these sulphides. Precipitates of sulphides first washed free from 
H,S with water entrain thallium to only a slight extent. However, if a washed sulphide is added to a 
sulphuric acid solution containing H,S, then marked coprecipitation of the thallium is again found. 

The presence of large amounts of foreign cations-Mg $+, AP+, ZnB+-does not affect the degree 
of coprecipitation of the thallium with Re& PtS,, Ru& and WS. It follows from this that the 
formation of these compounds is not associated with an ordinary adsorption process. In order to 
obtain a more detailed explanation of the role of hydrogen sulphide in the process under study, the 
sorption by PdS of H,S in solution in different concentrations was determined. Experiments were 
carried out at the same time with Ag$. The latter coprecipitates the cations from all sulphides to 
the smallest extent. Consequently, we desired to establish whether there was a relationship between 
the amounts of sorbed HeS and the degree of coprecipitation of thallium. 
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The experiments showed that PdS and A@ sorb approximately the same amounts of H&3. 
Nevertheless, thallium is not coprecipitated with A&S, or else this phenomenon is not exhibited to 
an appreciable extent. 

The precipitates previously washed free from H,S with water also entrain thallium to an incon- 
siderable extent. 

Consequently, we may conclude that the presence of H,S on the surface of the sulphides is a 
necessary, but not sufficient, condition for coprecipitation of the cations. 

The chemistry of the phenomenon is also confirmed by the maintenance of stoichiometric ratios 
between the elements in the precipitate on the partial separation of the main component. 

The results obtained are given in Table III. 

TABLE III-COPRECIP~~AT~ON OF THALLIUM WITH PARTIAL SEPARATION 
OF Re& 

Re precipitated, % 

100 
75.0 
500 
25.0 

Tl coprecipitated, % 

524 
37.0 
24.2 
100 

Ratio of Re to Tl 
in the precipitate 

1:104 
1:0*96 
1: 0.97 
1:0.80 

As follows from the results given, the amount of thallium is equivalent to the Re& which separated, 
which is characteristic for the formation of chemical compounds. 

It was also of interest to determine the solubility of the compounds obtained. These compounds 
were obtained by coprecipitation, i.e., by a somewhat unusual method. Nevertheless, a determination 
of their solubilities was important from the point of view of using these compounds for analytical 
purposes. 

Solubility figures determined from the contents in aqueous solutions of the given compounds of 
the ions Tl, Ag and Cu, respectively, are given in Table IV. 

TABLE IV-SOLDBILITY OF THE COMPOUNDS 
OBTAINED IN WATBR AT t” = 25 + 0.5 

Compound Solubility, mole/litre 

TlReS, 
TlPd& 
TlRu& 
TlPtS, 
TlJr,S 
TIRh& 
TlAsSa 
TlMoS, 
TlSnS, 
AgInS B 
CuInS, 

7.3 x 10-S 
20 x 10-h 
3.4 x 10-S 
4.4 x 10-s 
49 x 10-h 

0.49 x 10-S 
4.5 x 10-e 
2.5 x 1O-5 
22 x 10-S 
4.7 x 10-Q 
6.3 x 1OF 

The figures in Table IV clearly show that the magnitude of the solubility is not characteristic for 
the sulphides. Moreover, magnitudes of the same order are obtained for all of the compounds. 

The experiments on the addition of thallium to a previously separated precipitate of Ru& 
proved to be extremely fundamental. Under these conditions, thallium is entrained in the same 
amounts as at the moment of separation of the Ru&. Consequently, it was necessary to determine 
whether the compound TlRu,S, is formed by the reaction of the Tl+ ion with Ru,Ss or whether the 
thallium is present on the surface of the Ru& in the form of Tl,S. The identical X-ray diagrams 
for these compounds show that the first hypothesis is correct. 

DISCUSSION 

The experimental results presented show that chemical compounds are very im- 
portant in the sulphide coprecipitation process. For the formation of chemical 
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compounds to take place in the coprecipitation process, the presence in the 
sulphides of opposing properties-acidic and basic-is necessary. This condition is 
connected with the position of the elements forming the sulphides in the Periodic 
Table. Consequently, knowing the components of a given system, it is possible to 
predict the formation of chemical compounds and, consequently, the degree of 
coprecipitation, its course and the properties of the solid phase formed. 

In the case of the formation of chemical compounds, the coprecipitation diagrams 
obtained are of a single type; the difference between them consists only in the position 
of the breaks corresponding to the ratio of the components in the solid phase. 
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FIG. 12.-Theoretical coprecipitation diagram caused by formation of a chemical 
compound. 

In the case of the coprecipitation of thallium with Moss, As,&, SnS,, Re,S,, PtS, 
and Ix&, and of In with CuS and Ag,S, the ratio of Tl or In to Me is 1: 1. 

The coprecipitation of thallium with In.&, PdS, Russ, and Rh,S, is characterised 
by curves with breaks at a Tl : Me ratio of 1:2. 

It is important to note that at a ratio in the solution of Tl to Re, Pt or Ir of 1: 1, 
the ratios in the solid phase are, respectively, 1: 0.85, 1: 0.95 and 1: 0.87, and at ratios 
of Tl to Pd, Ru or Rh in the solutions of 1: 2 these ratios are 1: O-42,1 : 0.48 and 1: 0.39, 
respectively. 

We obtained an analogous picture for the coprecipitation of Tl with As&, SnS, 
and MO&, and also for In with CuS and Ag.$. 

Thus, the coprecipitation reaction, for example for the Tlf ion with Re,S,, takes 
place to the extent of only 85.4% by the equation 

2Tl+ + Re,S,nH,S + 2TlReS,(n - l)H,S + 2H+. 

In order that the coprecipitation reactions mentioned should take place quantita- 
tively, a two-fold excess of Tl+ ion in the solution is necessary. The investigation of 
coprecipitation in the systems mentioned which has been carried out permits the 
theoretical coprecipitation diagram characteristic for the formation of chemical 
compounds to be given (Fig. 12). All of the systems that we have studied correspond 
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to this type of diagram, in which coprecipitation is connected with the formation of 
chemical compounds. 

In the case of the coprecipitation of Tl with As&&, SnS, and Moss, and of In with 
CuS and Ag$, the coprecipitation diagrams should have a similar form. The 
displacement of part of the curve with respect to the abscissae apparently resulted from 
the fact that for low concentrations of Tl+ and In3& the equilibrium state was not 
attained (Fig. 10.). 

In the diagrams of this type, field A (Fig. 12) is characterised by parallel copre- 
cipitation curves indicating proportionality between the amount of coprecipitated 
cation and its concentration in the solution. As is well known, such a situation is 
characteristic for solid solutions. 

As the results of X-ray analysis have shown, in the range of concentrations of the 
second component corresponding to field A, the formation of a microdisperse system- 
a “colloidal” solid solution-takes place. 

When the concentration of the cation in the solution is increased, a new field B 
appears on the diagram (Fig. 11). For the case of the formation of chemical com- 
pounds, the break in the curve is found at multiple ratios between their components. 
The formation of chemical compounds for the range of concentrations corresponding 
to field B was confirmed by analysis of the precipitates and by their X-ray diagrams. 
The composition of the solid phase as the concentration of the second component is 
increased within the range AB remains constant. Graphically, this is determined by the 
angle of inclination a of the coprecipitation curve. 

As the experiments show, with an excess of thallium in the solution (Me :Tl = 
1: 4 - 1: 16) its content in the solid phase exceeds the stoichiometric amount. This is 
particularly clearly expressed in the case of the coprecipitation of thallium with 
In,S, and Ir,S,. 

The phenomenon observed is obviously connected with the general property of 
chemical compounds of giving solid solutions with an excess of their components. A 
confirmation of the hypothesis expressed is the invariability of the distribution con- 
stant of the second component between the solution and the solid phase formed under 
these conditions. The capacity of chemical compounds for giving solid solutions with 
an excess of the second component explains the appearance on the diagram for the 
coprecipitation of thallium with Ir,S3 (Fig. 6) of a new field C, and with In.$, of field 
D (Fig. 8). 

It follows from the results given that the coprecipitation diagram in association with 
X-ray analysis of the solid phases obtained permits a fairly complete picture of the 
phenomenon to be obtained. 

In conclusion, we should like to mention that the experimental material presented 
shows the importance of chemical compounds in the coprecipitation of cations with 
sulphides. Construction of the coprecipitation diagram makes it possible to obtain 
a complete picture of this process. 
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ZusammenfassunB-Eine Untersuchung der Miff%lhmg von Thallium 
mit As&, SnS*, MO&, Re&. PtS,, WS, Ru&, Rh&, Ir& und 
In& und von Indium mit CuS und Ag$ mit physikochemischen 
Methoden zeigte, daB die Mitfalhmg auf der Bildung folgender 
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Verbindungen beruht : TIAsS,, TlSnS,, TIMof&, TlRe&, TIP&, 
TlPd,S,, TlRu&, TlRh&, Tl&$, TlIn,S,, CuInS, und AgIn&. Eine 
fiir dieBildung von Verbindungen charakteristische Art von Mitfai- 
hmgsdiagramm wurde aufgestellt und darauf die Phasen bestimmter 
Zusammensetzung entsprechenden Bereiche abgegrenzt. Es wurde 
gezeigt, daB sich bei der Mitfallung mikrodisperser Systeme “kolloide” 
feste Liisungen eines Suhids im andern bilden. 

R&u&--Une etude de la coprecipitation du thallium avec 
As&. SnS,, MO&, Re,S,, PtSp, PdS, Ru&, Rh,S,, It& et In&, 
et de l’indium avec CuS et AgaS au moyen de l’analyse physico- 
chimique a montre que le phenomeneest dfiil la formation descomposes 
suivants: TlAsS,, TlSnS,, TlMoS,, TlRe&, TIP&, TlPd&, TlRu,S,, 
TlRh& Tl,Ir,S, TlIn&, CuInS, et AgInS,. On a Ctabli un type de 
diagramme de coprecipitation caracteristique, pour le cas oti il y a 
formation de composes chimiques, et on y a delimite les domaines 
correspondant aux phases de composition d&me. On a montre 
qu’il se forme, lors de la coprkipitation, des systemes microdisperses 
de solutions solides “colloidales” d’un sulfure darts l’autre. 
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Summary-A thermogravimetric study of aluminium oxinate obtained 
by three different procedures has confirmed the view generally held 
that 150” is a suitable drying temperature. It has also been shown that 
this temperature is satisfactory, irrespective of the original moisture 
content of the precipitate. That a temperature of 700” is sticient to 
obtain aluminium oxide is also confirmed. On the other hand, the 
statement by some workers that aluminium oxinate can be dried at 
375” has not been substantiated. 

INTRODUCTION 

THERE is some confusion in the literature regarding the drying and decomposition 
temperatures of aluminium oxinate. Dupuis and Duvall studied this complex thermo- 
gravimetrically and found that it achieved constant weight between 102 and 220”, 
thus concluding that the drying temperature of 110” recommended by many workers 
is correct but too restrictive. In addition, they found that total destruction of organic 
matter and conversion to the oxide was only complete above 1000”. 

However, Borrel and Paris,2 also from thermogravimetric data, found that anhy- 
drous aluminium oxinate is not obtained until 135” and that 110” is too low a drying 
temperature to obtain the anhydrous material. They further claimed that the complex 
is stable up to 379, but beyond this temperature there is gradual decomposition until 
700” when the oxide is formed, with an unexplained and anomalous weight change at 
520”. Unlike Dupuis and Duval, they consider it unnecessary to raise the temperature 
to 1000” in order to destroy organic matter and suggest that Dupuis and Duval used 
too rapid a heating rate to obtain complete decomposition at 700”. 

In his authoritative text-book on oxine and its derivatives, Hollingshead3 
comments on the above divergence of opinion as to the drying temperature of 
aluminium oxinate that “in view of the fact that many other workers have obtained 
satisfactory gravimetric determinations by drying in this range (100-135”) it would 
appear that further substantive evidence is necessary before the lower drying tem- 
peratures are discarded”. 

It was in an attempt to clarify the situation that this present work was initiated. 

EXPERIMENTAL 

In thermogravimetric measurements, many parameters can influence the final shape of the 
thermogram4 and in the present context, it was considered that the following factors merited investi- 
gation : 

(1) Heating Rate 

It is reasonable to assume that the heating rate employed by Dupuis and Duval of approximately 
6”/min was too fast to obtain good resolution of a thermogram. Borrel and Paris used a heating rate 
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of 3”/rnln, which is considered to be a reasonable increment iu order to achieve good resolution of a 
thermolysis curve. In the present work a heating rate of 3”/min was employed. 

(2) Moisture Content of Precipirtare 

It has been demonstrated6 that the moisture content of a precipitate can ~n~de~bly alter the 
position of the thermogram plateau. Dupuis and Duval give no details as to the moisture content of 
their samples, although the published thermogram indicates that it is considerable. On the other hand, 
Sorrel and Paris dried their precipitates on the titer crucible by drawing air at room temperature 
through the precipitate for 24-48 hr. In view of these two widely differing procedure and their 
possible influence on the shape of the thermolysis curve, undried and air-tied precipitates were 
studied in the current investigation. 

(3) M&e of Prec~i~~~~ 

It is well known that different methods of forming precipitates influence the shape of the thermo- 
gram* and it appears feasible that this observation could apply in the present context. Dupuis and 
Duval precipitated ahrminium oxinate by Berg’s method’ whereas Borrel and Paris, although saying 
that the oxlnate was precipitated by the usual method, used a procedure which differed in detail from 
Berg’s technique. It would not, of course. be pm&able to study aluminium oxinate precipitated by 
all of the numerous published methods, but in addition to the two procedures mentioned above, it was 
considered worthw~le lnchrding the pique currently in use in the author’s laboratory6 because, 
agr&, this differs in detail. 

In order that a comparison can be made, the essential details of the precipitation methods used in 
the current investigations are given below. 

Method of Berg’ 

To an aluminium sohrtion containing less than 100 mg of alminium/ml were added 3-5 g of 
sodium acetate followed by a slight excess of oxine solution (3 g of oxine dissoIved in 3 ml of glacial 
acetic acid, diluted to 100 ml with water and neutral&d with aqueous ammonia). The mixture was 
stirred vigorously, warmed to W-70” and the precipitated complex filtered, then washed with water 
until the washings were colourless. 

Method of Borrel and Paris’ 

To 100 ml of 0*0333&f ahrminium solution was added sufficient oxine solution (0.IM in 02&f 
hydrochloric acid) to give a 10% excess and the mixture warmed to 70-80”. The solution was 
neutral&d with O-5M sodium carbonate, then buffered to about pH 7 with 15% w/v ~o~urn 
acetate solution. The mixture was boiled gently for 2-3 mln, then maintained at 80” for O-5 hr. 
The oxinate was filtered, washed twice by decantation with hot water, transferred to the filter crucible 
and washed further with hot water to remove the excess oxine. 

Method of the Briiish Ceramic Research Associations 

To approximately 100 ml of neutral&d aluminlum solution, containing 15-35 mg of ahmrinium, 
were added 4 ml of 50% w/v hy~xy~~e hydr~hlo~de followed by 5 ml of freshly prepared 
1% w/v ~p~~~o~e [lg dissolved in 100 ml of acetic acid (1 Jr l}]. The solution was heated to 
40-SO’, 20 ml of 5 % w/v oxine solution added (5 g of oxine dissolved in 12 ml of glacial acetic acid and 
diluted to 100 ml with water) followed by 40 ml of 40% w/v ammonium acetate solution, added 
slowly and with stirriag. The solution was heated to 70” with stirring and maintained at this temper- 
ature for 10 min, stirring periodically. After cooling for 30 mm, the precipitate was filtered and 
washed thoroughly with warm water (40~50’). 

Portions of the oxinate obtained by these three Werent procedures were removed from the filter 
crucible immediately after washing was complete and stored in well-stoppered containers, The 
remainder of the precipitate in each case was dried by drawing air through the filter crucible for 48 hr. 

A sample of each preparation, weighing between 250 and 350 mg, was transferred to a p&red 
recrystallised alumina crucible and heated in air on a Stanton thermobalance, Model HT-SM, which 
was programmed for a linear temperature rise from room temperature to 1400” over 8 hr (3”/mln 
nominal) and a chart speed of 6 in&r. The thermograms obtained are given in Fig. 1. 

DISCUSSION 

From the thermograms, it is apparent that all of the samples have achieved 
constant weight at 160’. Thus it can be concluded that the drying temperature of 
150” recommended by many workers is satisfactory, irrespective of the original 
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moisture content of the precipitate. Although only three different methods of 
precipitation have been investigated, it is reasonable to assume that 150” is a suitable 
drying temperature for aluminium oxinate precipitated by any published method. 

The results also confirm the conclusion of Dupuis and Duval that a drying 
temperature of 110” is satisfactory, but too restrictive. However, contrary to the 
findings of Borrel and Paris, the thermograms of all of the samples demonstrate, 
quite conclusively, that the precipitate is not stable at 375” and independent attempts 
to dry aluminium oxinate at this temperature resulted in complete failure. On 
another point, the thermograms indicate that aluminium oxide is formed at approxi- 
mately 600”. There is little doubt that, as Borrel and Paris remark, 700” is a sufficiently 
high temperature to obtain the oxide and that Dupuis and Duval used too high a 
heating rate to obtain complete decomposition at this temperature. 

The anomalous weight change at 520” described by Borrel and Paris is manifest in 
the present work by a change in slope occurring at about 460”, which suggests the 
formation of an intermediate compound. It is doubtful whether it would be possible 
to isolate this intermediate, because it has been shown9 that the decomposition of 
metal oxinates is a complicated process and the exact mechanism of decomposition is 
not known. 

CONCLUSIONS 

Using three different procedures for precipitating aluminium oxinate, it has been 
confirmed that a satisfactory drying temperature for the complex is 150”. It has been 
shown that this temperature can be used irrespective of the original moisture content. 
Contrary to the findings of Borrel and Paris, spurious results were obtained on drying 
the complex at 375”. Aluminium oxide is formed at temperatures above 600” and 
failure to obtain complete decomposition at temperatures much in excess of this 
value strongly indicates too high a heating rate. 

Aluminium oxinate, prepared by precipitation from homogeneous solution 
(PFHS), has also been studied. The procedure used was according to Marec, Salesin 
and GordonlO except that the 8-acetoxyquinoline was purchased. (B. Newton 
Maine Ltd., Silsoe, Bedfordshire, England.) 

As was to be expected, the thermolysis curves of both undried and air-dried 
samples were very similar to those depicted in Fig. 1. They confirm that 150” is a 
suitable drying temperature for aluminium oxinate precipitated by this technique 
but that drying at 375” results in decomposition. 

The major difference in the thermolysis curves of aluminum oxinate prepared by 
PFHS is that aluminium oxide is not formed until a little over 700”. This is to be 
expected as PFHS results in denser crystals. 

Acknowledgment-The author thanks the Directors of John Laing Research and Development Ltd., 
for permission to publish this paper. 

Zusammeufassung-Eine thermogravimetrische Untersuchung an auf 
drei verschiedene Arten erhaltenem Aluminiumoxinat bestltigte die 
allgemeine Ansicht, da13 150” eine geeingete Trocknungstemperatur ist. 
Es wurde such gezeigt, da13 diese Temperatur unabhangig vom urs- 
priinglichen Feuchtigkeitsgehalt des Niederschlags ausreicht. Es 
wurde such bestltigt, dab 700” zur Bildung von Aluminiumoxyd 
ausreichen. Andererseits lie13 sich nicht bestitigen, dat3 Aluminiumo- 
xinat bei 375” getrocknet werden kann. 
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R&sum&-Une etude thermogravimetrique de l’oxinate d’aluminium 
obtenu par trois procedes differents a confirrne l’opinion generalement 
admise que 150°C constitue une bonne temperature dessechante. 11 a 
pu &re montre que cette temperature est satisfaisante pour l’humidite 
du precipite. Le fait que 700°C soient suffisants pour obtenir l’oxyde 
d’aluminium a ettc Bgalement con&me. D’autre part, les conclusions 
de certains chercheurs qui indiquent 375” comme temperature de 
dissociation de l’oxinate d’aluminium n’ont pu Ctre confirmes. 
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Summary-The pyrolysis of calcium oxalate monohydrate in air 
occupies a unique place in the literature of thermogravimetry. Not 
only was a thermogram for this reaction the first pyrolysis curve pub- 
lished by Duval and his collaborators, but Duval and others have 
suggested that it can be used as a reference substance for judging the 
performance of a thermobalance. However, the pyrolysis of calcium 
oxalate monohydrate under a variety of conditions gives rise to con- 
siderable differences in its thermograms. The effects of sample size, 
heating rate, atmosphere and container geometry are presented in a 
series of paired thermograms, and the differences are accounted for 
with the aid of additional evidence from differential thermal analysis 
and from combustion train experiments. Variations in atmosphere 
are particularly important, and the atmospheres studied are dry 
nitrogen, humidified nitrogen, dry air, humidified air, dry oxygen, dry 
carbon dioxide and dry carbon monoxide. Even subtle variations in the 
shape of a thermogram obtained on a reliable balance may reflect the 
complexity of the reactions that produce the more noticeable over-all 
weight changes. Results presented in this reportthus delineateconditions 
for the use of calcium oxalate monohydrate as a thermogravimetric 
reference substance, and show that its behaviour under controlled 
conditions in a thermobalance can provide an unusually versatile guide 
to the interpretation of thermogravimetric measurements. 

INTRODUCTION 

THE pyrolysis of calcium oxalate monohydrate in air occupies a unique place in the 
literature of dynamic thermogravimetry. A thermogram for this reaction (Fig. 1) was 
the first pyrolysis curve published by Duval and his collaborators4* in their comprehen- 
sive study of the thermogravimetric behaviour of analytical precipitates, and was 

COCO3 

I 50 nwl 

coo ” 
PUG. 1 .-Pyrolysis curve of calcium oxalate monohydrate as published by 

Peltier and Duval.‘* 
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singled out by Duval for special mention in his book.13 Because the thermogram’s 
unusual sequence of consecutive reactions was characterised by four parallel, hori- 
zontal plateaux, corresponding successively to calcium oxalate monohydrate, calcium 
oxalate, calcium carbonate and calcium oxide, the material was used by DuvaF2 “to 
adjust the thermobalances after they have been set up, cleaned, or repaired.” He 
further claimed that the thermogravimetric measurements on this material with a 
photographic recording Chevenard thermobalance were accurate and reproducible 
enough to permit students to obtain reliable values for the atomic weight of carbon 

Tf 

TIME - 

FIG. 2.Schematic thermogram for general single-stage reaction : 
A(mlid) = %olid) + C(LI;)- 

from the dimensions of thermograms obtained as an instructional exercise.13 Sub- 
sequently, Barcia Goyanes2 and Wilsons7 suggested that the extremities of the 
plateaux in this thermogram be used as temperature calibration points for a thermo- 
balance, as if they were characteristic transition temperatures. 

Previous work in this Laboratory has demonstrated that the accuracy and precision 
of measurements with a Chevenard pen-recording thermobalance (which has the same 
suspension and sensitivity as the photographic recording balance) are below the level 
required for atomic weight workPB and that the temperature limits of a plateau are not 
a property of the sample alone. 36 This report presents thermograms for calcium 
oxalate monohydrate pyrolysed under a variety of conditions and attempts to provide 
a consistent explanation for all of the observed differences, using additional data from 
differential thermal analysis measurements and from combustion train experiments. 
The results of these studies show that if calcium oxalate monohydrate is pyrolysed 
under carefully controlled conditions in a thermobalance, it can serve as a yardstick 
for judging the performance of the instrument and can provide an unusually versatile 
guide to the interpretation of thermogravimetric measurements. 

CHARACTERISTICS OF SINGLE-STAGE REACTIONS 

The thermogram of Fig. 2 has been drawn to represent the general reaction 

*(solid) = Bfsolid) + ‘CUB:)’ 
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Two temperatures may be selected as characteristic of any single-stage non- 
isothermal reaction: Ti (initial temperature) is the temperature at which the cumula- 
tive weight-change reaches a magnitude that the thermobalance can detect, and Tr 
(final temperature) is the temperature at which the cumulative weight-change first 
reaches its maximum value, corresponding to complete reaction. Although Ti may 
be the lowest temperature at which the onset of a weight-change can be observed in a 
given experiment, it is neither a transition temperature in the phase rule sense,% nor is 
it a true decomposition temperature below which the reaction rate suddenly becomes 
zero.20~21~24~25 Because the value of Ti depends upon the interaction of many variables, 
it shall be called the procedural decomposition temperature,36 a term introduced by 
DoylelO in reporting his thermogravimetric studies of the pyrolysis of polymers. At a 
linear heating rate, Tr must be greater than Ti, and the difference (Tf - Ti) will be 
called the reaction interval. For an endothermic decomposition, Ti and Tf both 
increase with increasing heating rate, the effect being greater for Tf than for Ti, as has 
been clearly shown by Richef15 and others.8>34y36 

SIGNIFlCANCE OF TEMPERATURE IN DYNAMlC THERMOGRAVIMETRY 

At this point it is advisible to comment upon the significance of temperature as a 
variable in dynamic thermogravimetry. The fundamental datum produced by a 
recording thermobalance is a record that shows the variation with time of some 
quantity whose changes may be related in magnitude to changes in the weight of the 
sample. The foundations of modern dynamic thermogravimetry were laid in the early 
1920’s by Guichard,22p29 who proposed that the method of continuous weighing be 
applied to “the study of all reactions that cause the weight of any solid to vary in one 
way or another . . . in a selected atmosphere, while the temperature is raised at a rate 
nearly proportional to the time, and slowly enough.” Although Guichard did not 
explicitly specify the temperature to be measured, it is apparent from his work and that 
of his students that he referred to the temperature of the furnace atmosphere and not to 
that of the sample.ll@@ 

Guichard had insisted, since the beginning of his studies, “on the necessity of 
realising a very regular rise of temperature.” He pointed out that “there is a risk that 
every irregularity in this increase may appear on the curve of weight vs. time and 
complicate its interpretation.” Such regularity in heating rate can be achieved in the 
furnace atmosphere but not in the sample, whose rate of temperature rise changes with 
the onset of each exothermic or endothermic phase transition or chemical change. 
These internally generated changes in the rate of sample temperature rise, of course, 
provide the basis for the widely used method of differential thermal analysis. Both 
differential thermal analysis and dynamic thermogravimetric analysis require a linear 
furnace heating rate. In differential thermal analysis one detects the onset of 
reactions or transitions in a sample by observing the perturbations in what would 
otherwise be a regular rate of increase in sample temperature. In thermogravimetry 
one detects and measures those transformations that produce a change in the weight 
of a sample. The only independent temperature variable in either technique is the 
heating rate of the furnace. The changes in sample weight and temperature are both 
consequences of the chemical and physical changes produced in a sample when it is 
brought into contact with a given atmosphere whose temperature is changing at a 
predetermined rate. 
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In this investigation an independent record was kept of the furnace temperature as 
a function of time, which record also served to verify the linear heating rate that had 
been set on the furnace controller. The temperature markings on the thermograms 
were established by coupling the temperature and weight recorders so that a pip was 
automatically introduced into the pyrolysis curve at each integral lOO-degree reading 
of the fmnace temperature. The pips could also have been introduced after the run by 
juxtaposition of the weight-time curve with the separate record of furnace temperature as 
a function of time. Values of Tg and Tr wereinterpolated between IOO-degreemarkings. 

CaC204.HzO z 
100" 

CaCzO4 

coo 

Y 
0 I TIME 2 

HcuRS 

FIG. 3.-Effect of perturbation in rate of heating upon thermogram for calcium 
oxalate monohydrate (500 mg, platinum dish, flowing dry nitrogen): 

- - - unperturbed rate of heating. 

It is particularly risky to try to record a thermogram directly by feeding the weight 
and temperature signals to the two inputs of an X-Y recorder. Unexpected disturb- 
ances that sometimes occur in the heating rate or thermocouple response can 
produce artificial perturbations in the weight-temperature record. Only a separate 
temperature-time record can disclose these adventitious effects and permit effects 
caused solely by changes in sample weight to be distinguished from them.a7 Fig. 3 
shows the thermobalance record of a pyrolysis of calcium oxalate monohydrate 
during which the temperature controller became stuck at 695”, for a period of time, 
after which it produced an irregular temperature rise up to about 7.50°. The dashed 
curve shows the course that the thermogram would have taken had the linear heating 
rate of 300 degree/hr been maintained above 695’. The perturbation in the recorded 
curve can be properly understood only in the light of the independent record of 
temperature as a function of time. Had an X-Y recorder been used for this run, the 
period of constant temperature would have been represented by a vertical line at 
695”. Although such an abrupt change in the slope of the curve would probably have 
been suspect, more subtle, but nonetheless significant changes in heating rate could 
pass completely unnoticed in a direct recording of weight Z.W. temperature. 
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CHARACTERISTICS OF MULTI-STAGE REACTIONS 

Successive, non-overlapping reactions 

Under certain conditions, the thermogram for a sequence of successive decomposi- 
tions, such as occurs during the pyrolysis of calcium oxalate monohydrate 

CaC,O,-H,O = CaC,O, + H20 

A(*, = Bts, + gas (1) 

CaC,O, = CaCO, + CO 

Bcs, = Ccsj + gas (2) 

CaCO, = CaO + CO, 

Ctsj = DcSj + gas (3) 
can be considered as the composite of the thermograms for the individual stages. 
This is shown in Fig. 4, in which are superimposed the thermograms that were 
obtained on separate days by heating in air, at 300 degree/hr, 500 mg of calcium 

CaC204 ,k$ AL, 

CaCO3 

Co0 1 
900- 

FIG. 4.-Thermograms for successive non-overlapping reactions (porcelain crucible, 
ambient air, 300 degree/hr) : 

- 500 mg of calcium oxalate monohydrate, 
. . . . . . 438 mg of calcium oxalate, 
- - - - 343 mg of calcium carbonate. 

It is not evident from this reproduction that the true value of (T& is about 390”. 
(Ti)B shown in this figure was chosen for illustrative purposes only. 

The position of 

oxalate monohydrate and equivalent quantities of the anhydrous oxalate and of 
calcium carbonate, each in a porcelain crucible. The initial stages of the latter two 
curves are indicated by broken lines. Thermograms 4(B) and 4(C) are identical with 
4(A) at temperatures above their intersections. 

Although temperature (T~)A marks the beginning of the plateau for calcium 

oxalate, its value is determined by the interaction between the heating rate, the sample 

size and the rate of dehydration of calcium oxalate monohydrate; it cannot be 
interpreted as setting a lower limit to the thermal stability of the anhydrous salt. 
Temperature (Tr), lies on the calcium oxalate plateau only because, under the condi- 
tions of the experiment, the dehydration reaction was complete before the temperature 

reached the value of (T&, the procedural decomposition temperature of the anhydrous 



554 E. L. SIMONS and A. E. NEWKIRK 

salt. When calcium oxalate, previously dehydrated at 175”, was the starting material, 
the thermogram, beginning at level B, showed no perturbation as it passed through 
(Tf)*. The calcium carbonate plateau, of course, bears the same relationship to its 
precursor as the calcium oxalate plateau bears to the monohydrate. 

The exact superposition of the independently determined thermograms of Fig. 4 
could have been achieved only if the reactions being studied were indeed successive 
and non-overlapping, and only if the characteristics of the thermobalance remained 
constant over the period of days covered by the experiments. 

CaCp04 Hz0 A 

Ca $04 B 
k 

-l-;-r 
200 300’400\ 

coco3 

CUO ldod 
FIG. 5.-Thermograms for successive, partially overlapping reactions 

(porcelain crucible, ambient air, 600 degree/hr) : 
- 500 mg of calcium oxalate monohydrate, 
- - - - 438 mg of calcium oxalate. 

Successive, partially overlapping reactions 

The exact superposition of Fig. 4 is not characteristic of the pyrolysis of calcium 
oxalate monohydrate under all conditions. As noted earlier, both Ti and Tf for a 
given reaction rise as the heating rate is increased, the effect being more pronounced 
for Tf. The consequences of this are shown in Fig. 5, in which are superimposed the 
thermograms that were obtained by repeating two of the pyrolyses of Fig. 4, but at a 
heating rate of 600 degree/hr. The intermediate plateau for calcium carbonate is still 
clearly defined, but it begins at a higher temperature.36 On the other hand, the 
formation of anhydrous calcium oxalate as an intermediate in the pyrolysis of 
the monohydrate is no longer marked by a true plateau, but simply by a change in the 
slope of the thermogram. At the higher heating rate the dehydration reaction on 
curve 5(A) was not complete by the time the furnace temperature had reached about 
350”, which is the procedural decomposition temperature indicated for the anhydrous 
salt on curve 5(B). During the latter part of pyrolysis 5(A), therefore, water and 
carbon monoxide were being evolved simultaneously,” and at the point where the 
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cumulative weight loss reached level B the sample crucible contained anhydrous 
calcium oxalate and a small amount of both the monohydrate and calcium carbonate. 

A careful examination of the original thermograms discloses that curve 5(A) lies 
above curve 5(B) even in the region between 300” and 400”, and does not become 
coincident with it until the calcium carbonate plateau is reached. By increasing the 
heating rate from 300 to 600 degree/hr the initial sequence of two successive decompo- 
sitions has been transformed to a sequence of two partially overlapping or simultan- 
eous decompositions, the thermogram for which is not an exact composite of the 
individual stages. 

COCOS T 100 mg 

coo 

FIG. 6.-Thermogram for calcium oxalate monohydrate (1,019 g, porcelain crucible, 
ambient air, 300 degree/hr). 

The transformation of a true plateau for anhydrous calcium oxalate into a curve 
like that of Fig. 5(A) was also produced by keeping the heating rate at 300 degree/hr, 
but increasing the sample weight from O-5 g to approximately 1 g (Fig. 6). With more 
water in the initial sample, complete dehydration was not achieved before the pro- 
cedural decomposition temperature for the anhydrous salt was reached, even at 300 
degree/hr. This parallelism between the effects of heating rate and sample weight will 
be examined more closely in a subsequent section of this report. 

At this point the following general conclusions may be drawn from the foregoing 
experiments on the multi-stage pyrolysis of calcium oxalate monohydrate: 

1. The appearance of a plateau for a compound on a dynamic thermogram does not 
necessarily imply that the compound is isothermally stable, either in a thermodynamic or 
practical sense, at all or any temperatures that lie on that plateau. The temperature 
limits between which it extends apply only to the particular conditions of that 
pyrolysis.5s20*44 

Certainly, none of the curves in Figs. 4,5 or 6 can be used to set an upper limit to 
the isothermal stability of calcium carbonate in air. Similarly, anhydrous calcium 
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oxalate undergoes slow isothermal decomposition in air at 300”, even though this 
temperature lies on the true plateau observed for that compound in Fig. 4.& 

2. If the thermogram obtained for a multi-stage reaction has no intermediate 
portion in which the sample weight remains constant with time over a range of tempera- 
ture, one can make the reasonable inference that the reactions leading to the formation 
and to the subsequent decomposition of the intermediate are not independently sequential, 
but at leastpartly overlap. The weight level at which a bend or change of slope occurs 
in the thermogram for such a pair of successive but overlapping reactions depends 
upon the relative amount of product B that has been formed by the time its procedural 
decomposition temperature has been reached and upon the relative rates of decompo- 
sition of A and B. 

3. In the absence of a true plateau, which can appear only if (Tf), <(T&, one 
cannot determine from a thermogram for successive reactions exact values for either 
(Ti),, (T&, or the stoichiometric weight level of B,” although a reasonable inference as 
to the latter can often be made. There is little doubt, for example, that the gently 
sloping portion of Fig. 5 indicates the formation of anhydrous calcium oxalate. 

CHARACTERISTICS OF INDIVIDUAL REACTIONS OF CaCaO,.HIO 

Among the factors that affect the thermogravimetric behaviour of calcium 
oxalate monohydrate are the reversibility of each stage of the pyrolysis and the 
enthalpy change that accompanies each of the individual reactions. The pertinent 
data are summarised in Table I. 

TABLE I 

Reaction 
Heat of reaction 

(AH”,,,,Kkcal/mole)47 Reversibility 

(1) CaCPO,.HeO = CaC,OI + H,O 13.3* Reversibleas 
(2) CaCBO, = CaCO, + CO 15.5* Irreversible4*s68 
(3) CaCO, = CaO + CO2 42.5 Reversible 

* Heat of formation of CaC,O, estimated from tabulated values for the 
di- and monohydrates. 

Reactions (1) and (3) 

Both of these reactions are endothermic and reversible. In their thermogravimetric 
work, Peters and Wiedemann* showed that calcium oxalate monohydrate, after 
dehydration at about 280”, could be regenerated by allowing the anhydrous salt to 
cool to room temperature in humidified air. The effect of carbon dioxide in markedly 
raising the procedural decomposition temperature and decreasing the reaction interval 
for calcium carbonate has been clearly demonstrated by these workers and by Richer 
and Vallet.“~45 For any given atmosphere containing carbon dioxide, the procedural 
decomposition temperature must be equal to or greater than the temperature at which 
the dissociation pressure of calcium carbonate reaches the partial pressure of carbon 
dioxide in that atmosphere.as 

Reaction (2) 

Thermal measurements by several investigators14*41p491r’@ have shown that the 
decomposition of anhydrous calcium oxalate is endothermic in an inert atmosphere, 
but becomes strongly exothermic in an oxidising atmosphere. These results have been 
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confirmed in a Chevenard thermobalance. With the balance mechanism locked and a 
Pt-Pt, 10% Rh thermocouple inserted into the powdered sample, the difference 
between the sample temperature and the furnace temperature was recorded as a 
function of the furnace temperature, and the tracings shown in Fig. 7 were obtained 
from experiments made in flowing dry nitrogen and oxygen. 

E 

s 

1 
t 

- 0.2 - I I I I I I I I 
s 0 100 200 300 400 500 600 700 800 900 

FURNACE TEMPERATURE ‘c 

FIG. ‘I.-Differential thermal measurements on calcium oxalate monohydrate (500 mg) : 
- inert sample (ignited calcium oxide), 
_--- calcium oxalate monohydrate in dry nitrogen, 
. . . . . . calcium oxalate monohydrate in dry oxygen. 

The exothermic peak observed in oxygen (and, with a more complex shape, in air) 
has been attributed by the investigators previously cited to the formation of carbon 
dioxide by oxidation of the carbon monoxide produced in the decomposition of the 
oxalate. The heat evolved/mole of carbon monoxide oxidised in the reaction 

co + o-50, = co, (4) 
is 67.7 kcal at 700°K,’ which is about four times larger than the heat absorbed by 
reaction (2). Reaction (4) has also been postulated to explain the exothermic effects 
noted when thorium oxalate was decomposed under oxidising conditions.6Js 

The evidence to support the hypothesis that reaction (4) can also occur during the 
pyrolysis of calcium oxalate is presented in the following section. 

DECOMPOSITION OF ANHYDROUS CALCIUM OXALATE 
A weighed sample of calcium oxalate monohydrate in a platinum boat was loaded into a combus- 

tion tube and heated overnight at 125” in a stream of dry nitrogen to effect complete &hydration. 
Then, as in the method used by D’Eye and Sellman’ for studying the thermal decomposition of 
thorium oxalate, the modified combustion train shown in Fig. 8 was assembled, and isothermal 
decompositions of the anhydrous salt were carried out for 3 hr at 420” with a stream of suitable 
carrier gas passing over the sample at a rate of 20 ml/mm. 

The gas, after leaving the pyrolysis chamber, passed through a series of tubes filled, successively, 
with Ascarite, hot copper oxide at 700” and Ascarite. Any carbon dioxide in the exit gas stream was 
trapped in the first Ascarite tube; any carbon monoxide in the exit gas stream was oxidised by the 
hot copper oxide and subsequently absorbed as carbon dioxide in the last absorption tube. 

The results obtained with dry air and dry nitrogen as the carrier gases are given in 
Table II, to which the following comments are pertinent: 

1. The dehydration of the samples was complete at 125”. 
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A B C 0 E 
FIG. S.-Schematic illustration of modified combustion train for experiments with 

dry nitrogen and dry oxygen: 

A-furnace with combustion tube 
and platinum boat, 

C-furnace with tube of copper oxide, 
D-Ascarite absorption tube, 

B-Ascarite absorption tube, E-Ascarite tare tube. 

2. The amount of calcium oxalate that decomposed in 3 hr at 420” was significantly 
greater in dry air than in dry nitrogen. 

3. In dry air (run I), the primary gaseous product of the decomposition of 
anhydrous calcium oxalate at 420” was carbon monoxide. Virtually all of this product 
had been oxidised to carbon dioxide by the time the gas stream reached the first 
Ascarite tube, and the total moles of carbon dioxide trapped by both Ascarite tubes 
is in excellent agreement with the weight loss of the sample, calculated as moles of 
carbon monoxide. 

4. In dry nitrogen (run 2) most of the carbon monoxide produced during the 
decomposition of the anhydrous calcium oxalate left the reaction zone unchanged and 
appeared as carbon dioxide only after passing through the hot copper oxide tube. 
However, a significant amount of carbon dioxide was absorbed in the first Ascarite 
tube, between the pyrolysis furnace and the copper oxide furnace. In a nitrogen 
atmosphere, this carbon dioxide could not have been produced by oxidation of 
carbon monoxide, but must have arisen from the disproportionation reaction 

co = 05c0, + OX AH,,oK = -20.7 kcal’ (5) 

On this basis, the following material balance can be made: 

CO (mmole) undergoing disproportionation = 2(0.36) = 0.72 
CO (mmole) undergoing oxidation by CuO = 2.30 

Total = 3.02 

CO (mmole) calculated from weight loss = 2.90 

Thus, in dry nitrogen as in dry air, the primary gaseous product of the decomposi- 
tion of anhydrous calcium oxalate at 420” was carbon monoxide. 

The disproportionation reaction has been observed by Glasner and Steinbergl’-ia 
in their studies of the thermal decomposition of rare earth oxalates in vacuum. 
Qualitative evidence for its role in the vacuum decomposition of sodium oxalate and of 
alkaline earth oxalates has been reported by Gunther and Rehaag26 and by .Wiihler 
and Schuff,68 and it has been observed by D’Eye and Sellmans when thorium oxalate 
was decomposed in a stream of nitrogen. 

Further evidence for disproportionation in these experiments was the grey 
discoloration observed in the sample that had been partially decomposed in a stream 
of nitrogen; the residue from the air run was pure white. The intensity of the 
discoloration could be reduced by passing air over the hot residue. A greyish-brown 
discoloration was also observed in the residues from thermogravimetric runs made in 
dry nitrogen. 

To cont?.rm the reported irreversibility of the decomposition of anhydrous calcium 
oxa1ate,43,58 runs were made at 420” in a stream of dry carbon monoxide; this 
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atmosphere neither prevented the decomposition of the pure salt nor reversed the 
decomposition of a partially decomposed sample. This observation means, of course, 
only that if the reaction is reversible, its equilibrium pressure of carbon monoxide at 
420” is greater than 1 atmos. 

The following conclusions may be drawn from the foregoing combustion train 
experiments and from the thermal measurements described in the preceding section: 
1. In both oxidising and inert atmospheres the primary endothermic formation of 

carbon monoxide from anhydrous calcium oxalate is accompanied, to varying 
degrees, by one or more secondary exothermic reactions that produce carbon 
dioxide from carbon monoxide. 

2. The direct oxidation of carbon monoxide by oxygen occurs more readily than 
the disproportionation reaction. 

3. The heat evolved during direct oxidation of carbon monoxide by oxygen raises the 
temperature of the remaining sample and solid product at a rate greater than the 
heating rate of the furnace, and, as a result, the decomposition is more rapid in 
dry air than in dry nitrogen. 

EFFECT OF VARIABLES UPON A DYNAMIC THERMOGRAM 

The characteristics of the separate stages in a multi-stage pyrolysis have an 
important bearing on the interpretation of thermogravimetric data. In particular, the 
pyrolysis of calcium oxalate monohydrate, with its sequence of alternating reversible 
and irreversible reactions, coupled with secondary reactions between components of 
the atmosphere and a primary decomposition product, provides an ideal vehicle for 
demonstrating the effects of many variables upon the shape of a dynamic thermogram. 
In the remainder of this report, a series of comparison thermograms is presented to 
show these effects. 

Geometry of sample container 

Several investigators have recommended that for taermogravimetric measurements 
the sample should be loosely packed in a shallow dish in order to facilitate gaseous 
exchange between the sample and the atmosphere that surrounds it.3ss*1av37*41 Indeed, 
Garn and KessleP have declared, “That the traditional crucibles are useless in 
thermogravimetry is essentially true. In a few cases crucibles are acceptable. . . In 
controlled atmosphere work, where the atmosphere is solely the gas involved in the 
reaction, the geometry of the container is immaterial.” 

As can now be shown with calcium oxalate, the geometry of the container is also 
immaterial if no interaction is possible between the solid phase and the gaseous 
atmosphere or products. The pyrolysis of 500 mg of calcium oxalate monohydrate 
was conducted in flowing dry carbon dioxide using both a porcelain crucible and a 
quartz dish as sample holders. The thermograms in Fig. 9 are identical above about 
275’, which marks the completion of the dehydration reaction in the crucible. As 
expected, the loss of water occurred more readily from the shallow dish than from the 
crucible. On the other hand, the shape of the container had no effect upon the de- 
composition of anhydrous calcium oxalate because this reaction is not reversible, and 
in a carbon dioxide atmosphere no important diffusion-controlled secondary reactions 
can occur. The shape of the container also had no effect upon the dissociation of 
calcium carbonate because this reaction is reversible, and the atmosphere used was 
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c4 co, 

1 loo mp 

coo 

FIG. 9,Effect of sample container upon thermogram for calcium oxalate 
monohydrate in flowing dry carbon dioxide (500 mg, 300 degree/hr) : 

- - - - quartz dish, 
- porcelain crucible. 

solely the gas involved in the reaction. When the reversible pyrolysis of calcium 
carbonate was performed in a given container, the higher the pressure of carbon 
dioxide in the atmosphere, the higher the value of the procedural decomposition 
temperature and therefore, the smaller the reaction interval, (T, - Tr). (Compare 
Fig. 9 with Figs. 5, 4, 6, and 10.) 

FIG. IO.-Effect of sample container upon thermogram for calcium oxalate 
monohydrate in flowing dry nitrogen (500 mg, 300 degree/hr) : 

----qua&dish, 
- porcelain crucible. 

When the pyrolysis was carried out in a flowing stream of dry nitrogen (Fig. lo), 
both the loss of water and the loss of carbon dioxide were affected by the shape of the 
container; the loss of carbon monoxide was unaffected. There is a thermodynamic 
possibility that the loss of carbon dioxide, illustrated by the dashed curve of Fig. 10, 
was caused by reaction between the calcium carbonate and the quartz dish. However, 
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carbon dioxide was higher in the run made in an oxygen atmosphere than for that 
made in a nitrogen atmosphere (Fig. 11). This small difference is not an artifact of the 
instrument. Indeed, thermograms that we obtained by heating separate portions of 
the same sample of calcium carbonate in nitrogen and in air were identical in the region 
of weight loss because nitrogen and air were equally effective in sweeping away the 
evolved carbon dioxide. However, the calcium carbonate produced by the decompo- 
sition of a given sample of calcium oxalate in an oxygen atmosphere is not identical 
with that produced by decomposition of the same material in a nitrogen atmosphere. 

caco3 I 100 mp 

GO 

FIG. 11,Effect of atmosphere upon thermogram for calcium oxalate monohydrate 
(500 mg, porcelain crucible, 300 degree/hr): 

- - - - dry oxygen, 
- dry nitrogen. 

The dry oxygen run shown in Fig. 11 was repeated, but at a temperature of about 
450” the furnace was turned off and the flowing oxygen was replaced by flowing 
nitrogen. A .-’ Arter the temperature had dropped to about i40” ; the heating rate of 
300 degreejhr was resumed. The resulting thermogram, although obtained in a 
nitrogen atmosphere, was identical above 500” with the dashed oxygen curve of Fig. 
11. The thermogravimetric behaviour of the calcium carbonate in these experiments 
was determined by the atmosphere in which it had been formed and not by the 
atmosphere in which it was decomposed. Thermogravimetry cannot disclose whether 
this difference in pyrolytic behaviour is a reflection of differences in particle size, 
surface area, lattice imperfections, or some other characteristics, but these experiments 
and those shown in Fig. 10 do illustrate the usefulness of thermogravimetric measure- 
ments, made on a reliable balance, for quickly surveying a variety of experimental 
conditions and thus disclosing those areas in which more detailed studies should be 
made, possibly with other supplementary techniques. As will be shown later, the 
shape of even a single thermogram can indicate complexities in the reaction under 
study. 

Sample weight 

In the earlier discussion of successive, partially overlapping reactions, certain 
similarities were noted between the effects of heating rate and sample weight upon the 
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shape of a dynamic thermogram. This parallelism cannot be carried too far. Unlike 
heating rate, sample weight is not a completely independent variable in thermogra- 
vimetry. For a given sample container a change in the weight of a powdered solid 
sample simultaneously changes the thickness of the sample bed, its total heat capacity, 
and its area of contact with the walls of the container, through which much of the 
heat transfer with the furnace atmosphere occurs. 

Some of these factors can change during a pyrolysis, as illustrated by Fig. 12, in 
which are superimposed the thermograms obtained in ambient air with approximately 
1 g of calcium oxalate monohydrate (Fig. 6) and those obtained with equivalent 
quantities of the anhydrous salt and calcium carbonate. The relationship between 

Co CO3 

FIG. 12.-Thermogram for successive partially overlapping reactions (porcelain 
crucible, ambient air, 300 degree/hr; curve A as for Fig. 6): 

- 1.019 g of calcium oxalate monohydrate, 
. . . . . . 0.893 g of calcium oxalate, 
----0.699 g of calcium carbonate. 

curve 12B and the second weight-loss section of curve 12A is the same as shown in 
Fig. 5 and arises from the overlap of the dehydration reaction and the loss of carbon 
monoxide. However, even though this second stage, the loss of carbon monoxide, 
was complete before the procedural decomposition temperature of calcium carbonate 
was reached (and therefore a true plateau was observed for this compound), the value 
of Tr for the loss of carbon dioxide is markedly lower for curve 12C than for curves 
12A and B. Examination of the crucibles at the end of each pyrolysis showed that the 
residues of calcium oxide from runs 12A and B were more loosely packed than that 
from run 12C, and were separated by an air gap from the wall of the sample crucible. 
Although the final weight of calcium oxide was the same in each run, its volume 
represented a larger shrinkage from the initial sample volume in runs A and B than in 
run C. The gaps produced by this shrinkage undoubtedly reduced the flow of heat 
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between the sample and furnace and thus contributed, at least in part, to the higher 
value of T, in runs A and B. 

Undoubtedly the effect of sample shrinkage observed with the l-g (and equivalent) 
samples of Fig. 12 was also present during the runs made with @5-g (and equivalent) 
samples of Fig. 4, but because the sample was smaller the magnitude was much less. 

Thus, although the thermograms of Fig. 4, demonstrate that under certain 
conditions the curve for a multi-stage pyrolysis can be considered as the exact summa- 
tion of the curves for the individual stages, those of Figs. 11 and 12 emphasise that 
under other conditions the thermogravimetric behaviour of a given substance may 
depend upon whether it is the material initially loaded into the sample container or 
whether it is formed in the container by decomposition of a percursor. 

\; , 
ITfk 9ocp ldoo~ 

FIG. 13.-Effect of sample weight upon thermogram for calcium oxalate monohydrate 
in flowing dry nitrogen (porcelain crucible, 300 degree/hr): 

a-126 mg of calcium oxalate monohydrate, 
b-250 mg of calcium oxalate monohydrate, 
c-500 mg of calcium oxalate monohydrate. 

Insert shows three curves superimposed at calcium carbonate level to emphasis effect 
of sample weight on loss of carbon monoxide. 

From the foregoing results it appears that no generalisations can be made about 
the effect of sample weight upon the procedural decomposition temperature, partic- 
ularly for intermediate products. Even with powdered calcium carbonate as a 
starting material, Richer and Vallettp4 @ found that Ti was virtually independent of 
sample weight in the range 0.25 to 1 g, both in nitrogen and carbon dioxide. At 100 
degree/hr, Ti was 517” in nitrogen and 914” in carbon dioxide. On the other hand, 
once the decomposition of a powdered solid has begun, it generally does not occur 
uniformly in every particle throughout the entire mass of samp1e.31~51~62~K5 Measurable 
temperature gradients exist even across relatively thin beds of powder.38-34 Under 
such non-homogeneous conditions one would expect that the time required for 
complete decomposition of a powdered solid would increase with increase of sample 
weight. Because the furnace heating rate is linear there would be a resultant increase 
in the observed value of Tr. This expected increase was observed by Richer and 
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Vallet44p45 for the pyrolysis of calcium carbonate and in this work for each stage in the 
pyrolysis of calcium oxalate monohydrate in nitrogen at 300 degree/hr (Fig. 13). 

A perturbation in this generalisation can occur if the reaction is exothermic. The 
sample temperature then increases more rapidly than does the measured furnace 
temperature, and the resultant acceleration in specific reaction rate may compensate, 
at least in part, for the increase in sample weight. It has already been noted that in air 
the endothermic decomposition of calcium oxalate is accompanied by the highly 
exothermic oxidation of carbon monoxide, with a consequent acceleration of the 
reaction rate. As a result, as shown in Fig. 14, Tf for the decomposition of calcium 

I I 
FIG. 14.-Effect of sample weight upon thermogram for calcium oxalate monohydrate 

in ambient air (porcelain crucible, 300 degree/hr): 
a-126 mg of calcium oxalate monohydrate 
b-250 mg of calcium oxalate monohydrate, 
c-500 mg of calcium oxalate monohydrate. 

Jnsert shows three curves superimposed at calcium carbonate level to emphasise that 
Ti for loss of carbon monoxide is independent of sample weight. 

oxalate in air is less than in nitrogen and is virtually independent of the starting 
weight of monohydrate, at least in the range 125 to 500 mg. A comparison between 
Figs. 14 and 6 shows the normally expected increase in Tf between 500 mg and 1 g and 
the pronounced increase in Ti for calcium carbonate that was noted in the discussion 
of Fig. 12. 

Water vapour 

The value of a dynamic thermogram in the preliminary study of chemical reactions 
lies not just in its gross characteristics, such as plateaux or clearly marked changes of 
slope, from which one can draw inferences about the stoichiometry of the reaction, 
but also in the more subtle variations of shape that may reflect the complexity of the 
reactions that produce the more noticeable, over-all weight changes. This is illustrated 
by a re-examination of Fig. 4 for the pyrolysis of calcium oxalate monohydrate in 
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ambient air. The over-all stoichiometry of the three distant stages is clearly defined by 
each of the plateaux. However, there is a significant qualitative difference between the 
shape of the curve that marks the loss of carbon monoxide and the shapes of the 
curves for the loss of water and of carbon dioxide. The latter.curves are smooth and 
continuous between the two plateaux, but the loss of carbon monoxide is characterised 
by three rather abrupt changes in slope that have no apparent stoichiometric signifi- 
cance. This shape is reproducible and is not an artifact of the instrument, although it 
can be modified by using a platinum instead of a porcelain crucible. Clearly, the 
thermogram suggests that further investigation of this stage of the reaction is warranted. 

CaCO3 I 
\ 

100 mp ‘, Lr- 
500’ 600’ 

FIG. 15.-Effect of water vapour upon thermogram for calcium oxalate monohydrate 
in oxidising atmosphere (500 mg, porcelain crucible, 300 degree/hr): 

- dry air, 
----humidair. 

In the region of carbon monoxide loss the curve obtained in ambient air (curve A of 
Fig. 4 and curve c of Fig. 14) is identical to the dashed curve in humid air. 

Additional experiments were performed, which showed (Fig. 15) that the unusual 
shape, originally observed in ambient air, could be reproduced exactly in a flowing 
atmosphere of humidified air, but that in dry air the loss of carbon monoxide was 
characterised by the same smooth continuous shape noted in Fig. 11 for dry nitrogen 
and oxygen. Furthermore, the accelerating effect of water vapour upon the decompo- 
sition of CaC,O, is clearly evident from the curves of Fig. 15. Finally, a comparison 

W2O4 H20 

bC204 

FIG. 16.-Effect of water vapour upon thermogram for calcium oxalate monohydrate 
in inert atmosphere (500 mg, porcelain crucible, 300 degree/hr): 

dry nitrogen, 
. . . . . . humid nitrogen, 
- - - - dry air. 

between thermograms obtained in dry air, dry nitrogen, and humid nitrogen (Fig. 16) 
shows that the loss of carbon monoxide begins more abruptly and at a lower furnace 
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temperature in humid nitrogen than in dry air, although the total loss is completed at a 
lower furnace temperature in the latter gas. 

That water vapour has a marked effect upon the decomposition of anhydrous 
calcium oxalate was confirmed by repeating the thermal experiments illustrated in 
Fig. 7 with humidified gases. The exotherm noted previously in dry oxygen was still 
present, but it had been shifted about 40” to a lower temperature. In humidified 
nitrogen, however, the magnitude of the endotherm for the oxalate decomposition 
was significantly reduced. The combustion train experiment was also repeated as a 
two-part experiment. During the first 3-hr period the carrier gas was humidified 
nitrogen; during the second 3-hr period it was dry oxygen. For the period in humidi- 
fied nitrogen the combustion train was modified by inserting a large capacity water 
absorption tube at the exit end of the pyrolysis tube to ensure that no water vapour was 
present in the gas that entered the first Ascarite tube. In addition, an Anhydrone 
absorption tube was inserted in the train immediately after the copper oxide furnace. 
Any hydrogen in the gas stream leaving the reaction zone would be oxidised by the 
hot copper oxide and be absorbed as water in the Anhydrone tube. 

The results are listed as runs 3(a) and 3(b) in Table II. The following comments 
are pertinent to the data: 

1. The amount of calcium oxalate that decomposed during the first 3 hr at 420“ 
was significantly greater in humid nitrogen than in dry nitrogen. 

2. Unlike run 2 made in dry nitrogen, less than one-third of the total carbon 
dioxide that was absorbed by the Ascarite appeared in the tube that was mounted at 
the exit end of the copper oxide furnace, indicating that less than one-third of the 
evolved carbon monoxide left the reaction zone unchanged. 

3. Part of the carbon monoxide evolved in the humidified nitrogen atmosphere 
was oxidised by the water vapour to carbon dioxide: 

CO + H,O = CO, + H, AH,,,= = -9-l kca17 (6) 

The hydrogen that was simultaneously produced appeared as water after it had 
passed through the copper oxide furnace. 

4. Not all of the evolved carbon monoxide ended up as carbon dioxide. Unlike 
runs made in dry air and dry nitrogen, the total mole of carbon dioxide absorbed 
during run 3(a) was significantly less than the weight loss of the sample, calculated as 
mole of carbon monoxide. During this run in humid nitrogen a yellow deposit 
appeared at the cool exit end of the combustion tube. Preliminary pyrolysis experi- 
ments in humid nitrogen with both calcium and magnesium oxalates had produced 
similar deposits, which were soluble in benzene and whose infrared spectra showed 
them to contain aliphatic C-H bonds. In addition to hydrogen, various hydrocarbon 
species are thermodynamically possible products of the reaction between carbon 
monoxide and water vapour. Depending upon their volatility, such species can 
condense out of the gas stream at various points in the train before the copper oxide 
furnace and therefore would not appear ultimately as carbon dioxide and water. 
More volatile hydrocarbons might reach the hot copper oxide tube but be incompletely 
oxidised in passing through it. Experience in this Laboratory has shown that at the 
recommended temperature of 700” for operation of the copper oxide furnace, even the 
oxidation of methane may be slow enough to permit small amounts of the gas to pass 
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through the reaction zone unchanged. For the foregoing reasons a reliable material 
balance was not possible in this experiment. 

5. To confirm the reliable operation of the train itself, run 3(b) was made by 
passing dry oxygen over the residue remaining from 3(a). As seen from the results in 
Table II, all of the evolved carbon monoxide was oxidised in the reaction zone and was 
absorbed as carbon dioxide in the first Ascarite tube. 

No further work has been performed to explore and understand the effect of water 
vapour upon this reaction, and certainly thermogravimetry alone will not provide the 
answers. Thermogravimetry has provided, however, as few other techniques could, 
simple and graphic evidence for the existence of an effect that might warrant further 
investigation. 

CONCLUSION 

Calcium oxalate monohydrate is ideally suited for demonstrating many of the 
factors that affect the quality of thermogravimetric measurements. It is particularly 
useful for showing the great variety of effects that may be produced by three common 
atmospheric constituents, carbon dioxide, oxygen and water vapour, as well as three 
common experimental variables, heating rate, shape of sample container and size of 
sample. These variables and the interaction between them will determine whether the 
thermogravimetric curve for the pyrolysis of calcium oxalate monohydrate will appear 
as a succession of independent reactions or as a sequence of partially overlapping and 
non-independent reactions. Calcium oxalate monohydrate can be used as a standard 
for judging the performance of a thermobalance only if it is pyrolysed under carefully 
controlled conditions. 
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Zusammenfassuug-Die Pyrolyse von Calciumoxalat-Monohydrat an 
Luft nimmt in der Literatur iiber Thermogravimetrie einen hervor- 
ragenden Platz ein. Ein Thermogramm dieser Reaktion war die erste 
von Duval und Mitarbeitem publizierte Pyrolysenkurve und Duval 
und andere schlugen diese Substanz als Bezugssubstanz zur Beurteilung 
der Anzeige einer Thermowaage vor. Die Pyrolyse von Calcium- 
oxalat-Monohydrat gibt aber unter verschiedenen Bedingungen 
betrachtliche Unterschiede in den Thermogrammen. Die Einfltisse 
von Probengriiue, Aufheizgeschwindigkeit, Atmosphare und Gef& 
geometrie werden in einer Reihe von Thermogrammpaaren vorgelegt 
und die Unterschiede mit zusiitzlichen Informationen aus Differential 
thermoanalyse und Versuchen im Verbrennungs-schiffchen erkl&t. 
Besonders wichtig sind Anderungen der Atmosphiire: untersucht 
wurden trockener und feuchter Stickstoff, trockene und feuchte Luft, 
trockener Sauerstoff, Kohlendioxyd und Kohlenmonoxyd. Selbst 
geringfligige Anderungen der Form eines Thermogramms von einer 
verltilichen Waage ktinnen die Kompliziertheit der Reaktionen 
widerspiegeln, die die leichter bemerkbaren Gewichtsiinderungen 
insgesamt hervorrufen. Die hier vorgelegten Ergebnisse grenzen auf 
diese Weise die Arbeitsbedingungen ab, unter denen Calciumoxzlat- 
Monohydrat als thermogravimetrische Bezugssubstanz verwendet 
werden kann, und sie zeigen, da0 sein Verhalten in einer Thermowaage 
unter kontrollierten Bedingungen eine ungewiihnlich vielseitige 
Anleitun zur Interpretation thermogravimetrischer Messungen bieten 
kann. 
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R&&--La pyrolyse dam l’air de l’oxalate de calcium monohydratt 
occupe une place unique dans la litttrature de la thermogravimetrie. 
Non seulement la premiere courbe de pyrolyse publiQ par Duval et 
ses collaborateurs a et& un thermogramme de cette reaction, mais 
Duval et d’autres auteurs ont propos6 ce compost comme substance 
de reference pour juger des possibilites d’tme thermobalance. Toute- 
fois, la pyrolyse de l’oxalate de calcium monohydrate dans des condi- 
tions variQs conduit a des differences considerables dans les 
thermogrammes. Les influences de la taille de la prise d’essai, de la 
vitesse de chauffage, de l’atmosphere, et de la forme du recipient, sont 
present& dans une serie de thermogrammes comparatifs, et les 
differences sont confirm&s au moyen de preuves supplementaires 
apportees par l’analyse thermique differentielle et des experiences de 
combustion en serie. Des variations dans l’atmosphere sont parti- 
culierement importantes, et les atmospheres CtudiQs sont l’azote set, 
l’azote humide, l’air set, l’air humide, l’oxygene set, le gaz carbonique 
set et l’oxyde de carbone sec. M&me de t&s faibles variations dans la 
forme d’un thermogramme obtenu avec une balance fiddle peuvent 
refleter la complexite des reactions qui produisent les changements de 
poids globaw les plus remarquables. Les resultats present& dans ce 
memoire delimitent ainsi les conditions d’emploi de l’oxalate de 
calcium monohydrate comme substance de reference thermogravi- 
metrique, et montrent que son comportement dans une thermobalance, 
dans des conditions control&es, peut constituer un exemple particuliere- 
ment souple pour l’interpretation des mesures thermogravimetriques. 
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Summary-A calorimetric method has been developed for determining 
nickel with 2-mercaptobenzothiale. At pH 7.7-8.1 in an ammoniacal 
medium nickel forms a yellow-brown complex, insoluble in water but 
soluble in chloroform. It is suitable for determining nickel in the 
concentration range 04-16 ppm with an average error of @5-2x. 
Cobalt, copper and iron interfere and have to be removed by an 
anion-exchange method before analysis. Bismuth and lead, if present, 
are removed with hydrogen sulphide, and complex formation of 2-mer- 
captobenrothiaxole with alkali metals is prevented by fluoridation. No 
other metals were found to interfere. 

THIS paper describes an investigation of 2-mercaptobenzothiazole as a calorimetric 
reagent in chloroform for the determination of nickel. In procedures involving the 
use of dimethylglyoxime,l manganese interferes and has to be removed before the 
calorimetric determination can be applied. A literature survey revealed that 2- 
mercaptobenzothiazole has not been reported previously for the calorimetric deter- 
mination of nickel. 

2-Mercaptobenzothiazole is not specific for nickel, but the reagent allows the 
determination of nickel in the presence of many other metal ions. It has already 
found use as a reagent for the gravimetric determination of a variety of metals too 
numerous to be listed here. Majumdar and Chakrabartty2 have also investigated this 
reagent for the calorimetric determination of palladium. 

Reagents 
EXPERIMENTAL 

2-Mercaptobenzothiazole. 1% w/v in chloroform; for purification of the commercial material 
see Appendix. 

Standard nickel solution. A stock solution prepared from Specpure nickel sponge was suitably 
diluted, so that 1 ml contained 0.1 mg of nickel. 

Hydrochloric acid. Oa5M solution prepared from A.R. reagent (Merck). 
Aqueous ammonia. 0.5M solution prepared from A.R. reagent. 
HydroJuoric acid. Cont. (A.R.) and (1 + 20) solution prepared from A.R. reagent. 
Chloroform. A.R. 

Apparatus 

Spekker absorptiometer (mercury vapour lamp), 2-cm and 4-cm cells and I-Ii&r No. 1 violet-blue 
filters. 

Procedure 

Transfer 1.0, 2.0, 3.0 and 8Gml portions of the standard nickel solution from a micro burette 
into a series of beakers containing 10 ml of distilled water. Using a pH meter, adjust the pH of the 
solutions to 7.7-8.1 with 0*5M aqueous ammonia or 0.5M hydrochloric acid. Transfer the solutions 
quantitatively into lOO-ml separating funnels and extract the nickel with 2 x 10 and 1 x 5 ml of 

513 
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1% 2-mercaptobenzothiazole in chloroform. Shake gently for 2 min for each extraction and filter 
the organic phase into a 50-ml volumetric flask by means of a small funnel fitted with a cotton wool 
plug. After filtration, wash the cotton plug through with fresh chloroform and make the extracts 
up to the mark with chloroform. Measure the optical density of the yellow-brown solutions against 
a blank in chloroform using 2-cm cells. Plot a graph relating the optical density to the quantity 
of nickel present; it should be linear and pass through the origin. 

Calibrations containing from 0~01-0~10 mg of nickel should be carried out in the same way but 
using 25-ml volumetric flasks and 4-cm cells. Extraction of nickel is established with 10 ml and 5 ml 
of 1% 2-mercaptobenzothiazole in chloroform. 

DISCUSSION 

The nickel-2-mercaptobenzothiazole complex in chloroform is yellow-brown 
whereas the reagent solution itself is almost colourless. The absorption spectrum for 
the coloured complex shows a maximum near 750 mp. 

FIG. l.-Complex formation as a function of PH. 

The complex formation is dependant on the pH of the aqueous solution and Fig. 1 
indicates that a pH of 7.7-8.1 is critical for the quantitative formation of nickel-Z 
mercaptobenzothiazole. The optical density of the complex in chloroform showed no 
change after 24 hr. 

Job’s method of continuous variations3 shows that every atom of nickel in the 
complex is bound to two molecules of 2-mercaptobenzothiazole and that a single 
complex species is formed in solution. 

Various metal ions have been tested, after fluoridation, by the method described 
and their colour reactions are as follows: 

Bi: yellow; Co: green; Cu: yellow; Fe: brown; 

Ni : yellow-brown; Pb: yellow; Pd not tested. 

Al, Ag, Au, Ba, Be, Ca, Cd, Ce, Cr, Hg, K, Li, Mg, 

MO, Mn, Na, Re, Se, Sr, Sn, Te, Ti, U, Zr, Zn: 

no colour reaction 

The interference from cobalt, copper, bismuth and iron is entirely removed by an 
anion exchange method* on a large column with a resin bed of 350-ml volume,t 
rejecting the first 100 ml of eluate, after which 500 ml are collected for the analysis 
of nickel in 8M hydrochloric acid as described by Liberman4 Lead, if present, passes 

* Permutit “De-Acidite” FF(SRA 65) anion-exchange resin, chloride form, 14-52 mesh. 
7 At the discretion of the analyst the size of the column may, of course, be adjusted in accordance 

with the size of the sample. 
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through the column but is removed by gassing with hydrogen sulphide for a period of 
5 min at pH 1 either before or after the anion-exchange separation. 

After removal of all interfering metal ions the hydrochloric acid eluate is evap- 
orated and made up to a convenient volume. An aliquot which should contain 
0.0248 mg of nickel is pipetted into a platinum crucible and 2 drops of sulphuric 
acid added, followed by 1 ml of perchloric acid. The sample is evaporated to dryness 
preferably on a sand bath. After cooling, O-5 ml of hydrofluoric is added and the 
sample is again evaporated to dryness. The sample residue in the platinum crucible is 
dissolved by the addition of 3.0 ml of (1 + 20) hydrofluoric acid whilst heating. The 
sample solution is transferred into a beaker and the pH adjusted to 7.7-8.1, then 
quantitatively transferred into a loo-ml separating funnel and analysed as described. 
The concentration of nickel in the sample is read from the calibration curve. 

RESULTS 

To verify the method, tests were carried out in which known amounts of nickel 
were added to synthetic solutions of various metal ions. The results obtained are 
shown in Tables I-V. 

TABLE I.-SOLUTIONS ALL EVENTUALLY MADE TO 50ml 
IN CHLOROFORM. ERROR ISTHBDIFFERENCEBETWEENTHB 

‘EXPECTED' AND ‘OBSERVED' NICKEL CONCENTRATTONS 

EXPRESSED AS A PERCENTAGE. 

(A) A 50-ml aliquot was separated on the column. 
After evaporation of the hydrochloric acid eluate the 
volume was adjusted to 100 ml and 5-ml portions were 
taken for each analysis. 

Absorbance 

0.448 
0.450 
0.450 
0445 

Ni found, 

mg Error 

0.498 -0.5 
0500 0.0 
0.500 0.0 
0.496 -1.0 

Average: -0.39 

Co 25; Cu 5; Mn 2; Al 2; Na 1; K 1; Ca I; 
Ni 0.20 g/l. Polarographic check on Ni: O.l9,018,0~2Og/l. 

(R) A IO-ml aliquot was separated and the volume 
adjusted to 100 ml; 20-ml portions were taken for each 
analysis. 

Ni found, 
Absorbance V Error 

0.360 0.400 0.0 
0.335 0.396 -1.0 
0.335 0.396 -1.0 

Average : -0.70 

Co25; Cu5; Mn2; A12; Fe2; NiO.O2g/l. 

14 



576 E. G. WALLICZEK 

TABLE I (contd.) 

Direct Determination of Nickel in Manganese Solution 

(C) A 50-ml aliquot was taken for each analysis. 

Absorbance 
Ni found, 

mg Error 

0448 0.498 -1.0 
0.450 0.500 0.0 
0.445 0.493 -2.0 

Average: - 1 .O 

Mn 30: Ni 0.01 g/l. 

(D) A 2-ml aliquot was diluted to 100 ml and 20-ml 
portions were taken for each analysis. 

Absorbance 
Ni found, 

mg Error 

0.273 
0.280 
0.275 

0.304 -2.0 
0.312 0.0 
0.308 -1.3 

Average : - 1 .l 

Mn 5; Ni 0.78 g/l. 

(E) A lo-ml aliquot was made up to 100 ml and lo-ml 
portions were taken for each analysis. 

Absorbance 
Ni found, 

V Error 

0.345 0.385 -1.3 
0.348 0388 -0.6 
0.350 0.390 @O 

Average: -0.6 

Co 50; Mn 2; Ni 0.39 g/l. 

TABLE II.-DETERMINATION OF NICKEL IN MILD STEEL (SAMPLES FROM 
MILD STEEL RESIDUAL SERIES OF BUREAU OF ANALYSED SAMPLES LTD., 

NEWHAM HALL, MIDDLESBOROUGH, ENGLAND). ERROR IS THE DIFFERENCE 

BETWEEN THE ‘EXPECTED’ AND ‘OBSERVED’ NICKEL CONCENTRATIONS 

EXPRESSED AS A PERCENTAGE 

(A) Sample SS 11 (solutions made to 50 ml in chloroform) 

Wt. of sample, Ni found, 

R Absorbance “g Error 

1.5887 0.145 0.160 +1.0 
1.4852 0135 0.150 t1.0 
1.1239 0.105 +20 

Average: + 1.3 

NiO.O1; CrO.04; MoO.19; CuO.01; WO.01; CoO.01; Sn0.11; vO.005; 
Al 0.008; Zr 0.045; Pb 0.003 ; Ti 0.002 %. 
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TABLE II (contd.) 
(B) Sample SS 12 (solutions made to 50 ml in chloroform) 

Wt. of sample, Ni found, 

g Absorbance mg Error 

1.1124 0.295 0.330 -1.0 
1.3765 0.375 0.415 +1*0 
07840 0.210 0.235 0.0 

Average: O-0 

Ni0.03; Cr0.02; Mo0.17; CuO.01; W 0.01; Coc25; SnO.02; VO.01; 
Al 0.006; Zr 0.031; Mg 0.003; Pb 0.004; Ti 0.013%. 

(C) Sample SS 17 (The sample was made up to a volume of 25 ml; 1.0, 
5.0 and 10~~ml portions were taken for analysis; sample weight: 0.7634 g; 
solutions eventually made to 50 ml in chloroform, except last solution made 
to 25 ml*) 

Wt. of sample 
in aliquot Absorbance 

Ni found, 

mg Error 

0.1527 0.310 0.346 -1.3 
0.1527 0.305 0.340 -3.0 
0.3054 0.660 0.738 $4.3 
0.03054* 0.29 0.068 -4.3 

Average: -1.1 

Ni0.23; Cr0.03; Mo0.01; CuO*lO; W0.12; CoO.12; Sn0.005; V@lO; 
Al 0.01; Zr 0.02; Pb 0.015; Ti 0.029%. 

TABLE III.-NICKEL CONTENT IN COBALT ELECTROLYTE 
SOLUTIONS 

(A) Group II metals were gassed with hydrogen 
sulphide at pH l-2 for a period of 5 min. After filtration 
of the samples through Whatman No. 31 filter paper they 
were evaporated to near dryness, dissolved in 8M hydro- 
chloric acid and column separated. Aliquots of 25 ml were 
taken from each sample. They were made up to a volume of 
50 ml and 5-ml portions were taken for analysis. Solutions 
were all eventually made up to 50 ml in chloroform. 

Sample No. Absorbance 
Ni found, 

m!? 

1 0.395 044 
2 0.396 0.45 
3 0.41 0.458 
4 0.50 0.558 

(B) Samples 1-4 were repeated but gassing 
with hydrogen sulphide was undertaken after 
the column separation. 

Sample No. Absorbance 
Ni found, 

mg 

1 0.395 0440 
2 0400 0.455 
3 0410 0.460 
4 0.520 0.570 

Co 30; Mn 0.01; Cu 2 g/l. 
Samples 2 and 4 contained 1 g of Bi/l. 



578 E. G. WALLICZJTK 

TABLE IV.-DETEIRMINATION OF NICKEL IN LEACH 
RESIDUES 

Samples of 2 g were digested in nitric and hydrochloric 
acid, evaporated to dryness, dissolved in 8M hy~~hloric 
acid and column separated. The eluate, after evaporation, 
was gassed with hydrogen sulphide at pH l-2. The samples 
were made up to a volume of 50 ml and lo-ml portions 
were taken for analysis. Solutions were all eventually made 
to 25 ml in chloroform. 

Sample No. 

58 

6b 

Absorbance 

0.200 
0.200 
0.200 

0.140 
0.140 
@I40 

Ni found, 

%Y 

0.047 
0.047 
0,047 

0.028 
0.028 
0.028 

a Dimethylglyoxime method after removal of Mn = 
0.010% Ni. MnO.10; Bi@02; Cu 1.0; Co 0.4; Fe 17% 
(Al, Ca, Mg, Si rest). 

b Dimethylglyoxime method after removal of Mn = 
0.007% Ni. MnO.10; Bi @02; Cu 1.0; Co 0.3; Fe 16% 
(AI, Ca, Mg, Si rest). 

TABLE V.-DETERMINATION OF NXCWL IN COBALT METAL, IN THE PRJBENCE 
OF MANGANESE (s.4~p~Es MADE up ~0 volume OF 100ml Arm EVENTUALLY 

MADE TO 50ml IN CHLOROFORM) 

Wt. of sample, Aliquot, 

g ml 

41717% 5 
0~9290~ 20 
0.6230 20 

A~orban~ 

0.438 
0.365 
0.250 

Ni found, 

mg 

0.488 
0.410 
0280 

B Because of the high cobalt load the eluate was evaporated and re- 
introduced on a fresh column for the removal of cobalt. 

APPENDIX 
PurzjTcation of 2-mercaptobemothiazob 

2-Mercaptobenzothiazole, when pure, is a creamy-white crystalline powder with a melting point 
of 1822”. The reagent is available commercially but further purification is necessary. 

Dissolve 20 g of commercial 2-me~pto~~thiazole in 100 ml of 5 % sodium hydroxide solution. 
Add 20 g of activated charcoal powder and shake for 5 min. Filter the soiution~der vacuum through 
a Buchner funnel using Whatman No. 42 filter paper. To the filtrate add 50 ml of 1% magnesium 
chloride (A.R.) solution and dilute to an approximate volume of 2 Iitres. Precipitate sodium 2- 
mercaptobenzothiazole whilst stirring with an excess of a dilute hydrochloric acid solution. Filter 
the precipitate under vacuum. Repeat the above operation without the use of charcoal or magnesium 
chloride. Filter and wash the precipitate freely with distilled water. Dissolve the partially dry filter 
cake in 200-300 ml of A.R. acetone. Filter the acetone solution, under vacuum, through a column 
approximatefy (0.5 inch in diameter) which contains 10 inches of Whatman cellulose powder. On 
top of the &hrlose powder is placed a 3 to 4-inch layer of activated charcoal powder. The column 
packing is changed when half of the acetone solution has passed through it. Receive the filtrate 
into a 1-Iitre Buchner flask which contains 500 ml of distilled water. Filter the purified crystalline 
2-mercaptobenzothiazole through a clean No. 3 Gooch crucible and dry the powder under vacuum 
over sulphuric acid. 
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Zusammenfassung-Eine quantitative Farbemnethode wurde fur die 
Bestimmung von Nickel mit 2-Mercaptobenzothiazole im Bereich von 
04-16 p.p.m. und einer Genauigkeit von 05-2 percent ausgearbeitet. 
Der Nickel 2-Mercaptobenzothiazole Komplex wird mit Chloroform 
in einem ammoniakahschem medium extrahiert und ist kritisch im pH 
Bereich 7.7-8.1. Kobalt, Kupfer und Eisen stiiren in der Bestimmung 
und werden mit einem Anionvertauscher in 8N Salzsaure festgehalten. 
Wismuth und Blei stiiren such und mtissen durch ausgasen mit 
Schwefelwasserstoff bei pH 1 zuvor oder nach der Anionvertausch- 
trenntmg beseitigt werden. Keine anderen Metalle stiiren. 

R&urn&-On a developpe une methode quantitative colorimetrique 
pour le dosage de nickel avec 2-mercaptobenzothiazole dans la 
ported de 04-16 p.p.m. avec une precision de 0.5-2 pourcent. Le 
complexe color& du nickel 2-mercaptobenzothiazole est extrait avec 
du chloroforme dans un agent ammoniacal et est critique a pH 7.7-8.1 
On elimine l’intervention du cobalt, du cuivre, et du fer par une methode 
d&change dans du 8N acide chlorhydrique. Le bismuth et le plomb 
interferent aussi mais on les enleve par le moyen de passage au gaz 
avec du hydrogene sulphure a pH 1 on avant on apr& la separation 
par l’echange du anion. On constata qu’aucun autre metal n’interfera. 

1 F. Feigl, Ber., 1924,57, 758. 
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Smmary-An improved gas extraction, collection, pressure measure 
ment and calculation apparatus is described for usein the vacuum fusion 
method. It is designed for routine analysis and versatility in research 
investigations. The time required for gas collection is l-2 min, including 
15-60 set for gas extraction. The total time required for a complete 
analysis is 7-9 min. The operating blank is 0*01-003 ml/30 min at 
1850”. Analysis of 20 or more samples can be made in 8 hr, including 
loading, outgassing and gas analysis. A description is given of a 
newly designed gas extraction recording system for studying the opti- 
mum conditions for determination of gases in metals of current 
interest. 

INTRODUCTION 

IN recent years there has been an increasing demand for simple and rapid analytical 
methods that may be used under plant conditions for the determination of gases in 
metals and many such techniques have been successfully developed.1-4 Particularly 
in the steel industry, more rapid and simple procedures have been required, and for 
the newer metals, such as titanium, uranium, hafnium, tantalum, etc., more exacting 
demands are imposed on the analytical method.“* 

In this paper an improved vacuum fusion apparatus is described. The apparatus 
provides the following features : 

1. A rapid gas extraction system. 
2. A furnace assembly which is available for various kinds of sample and a wide 

range of sample weights. 
3. A system in which the state of gas extraction can be simply and rapidly 

observed. 
4. A simple and automatic pressure measurement system and minimisation of the 

use of mercury. 
5. An automatic computer geared to the gas analysis system. 

EXPERIMENTAL 

Apparatus 
The general appearance of the apparatus and the arrangement of the components are shown in 

Fig. 1. This apparatus differs from others which have been described in the fast gas extraction 
system, gas extraction recording system, gas collecting system and pressure measurement system. 
Some general considerations on these matters precede the detailed description of the various parts of 
the apparatus. 

Gas extraction system 
It is important that the gases evolved from a sample are removed from the furnace tube as rapidly 

as possible to minimise losses from chemisorption and reactions with evaporating metal vapours 
or evaporated metal films. This requirement has been met by connecting a newly designed, fast 
mercury diffusion pump@ to the furnace tube by a wide-bore spherical joint (so-mm dia.) as shown 
in Fig. 4. 
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I. 
2. 
3. 
4. 
5. 

6. 
7. 
8. 
9. 

:il’: 
12. 

Furnace assembly. 
Extraction pump. 
Intermediate gas collecting volume. 
Pirani gauge P.G.2. 
Automatic self-balancing recorder 
for gas extraction curve. 
Collecting pump. 
Gas collecting volume. 
Oil manometer. 
Photocells. 
Pirani gauge P.G. 3. 

15. 
16. 
17. 
18. 
19. 

20. 
21. 
22. 

CuO furnace. 
Absorption tube (P,O,) for H,O. 
Cold trap for CC&. 
Exhaust pump. 
Mechanical pump. 
Pirani gauge P.G. 1. 
Automatic computer for chemical 
analysis. 
Digital printer. 
Silica get. 
Silica gel, 

Expansion volume. C1, Co, C~-stopcocks. 
Automatic self-balancing recorder 
for gas analysis. 

This transfer pump should have a reasonably high critical’backing pressure because the pressure 
in the intermediate collecting volume (3 in Fig. 1) may occasionally build up to 0~1-0~3 mm of mercury. 
The pump used has, in fact, a speed of 70 litre/sec at lO-5-lO-a mm of mercury and a critical backing 
pressure of 0.7 mm of mercury. 

The spherical joint is sealed in place with synthetic rubber packing** as shown in Fig. 4, in place 
of grease, so that any blank caused by grease is reduced. 

Gas extraction recording system 
Pressure changes in the vacuum furnace chamber measured with an ionisation gauge attached 

directly to the high pressure side of the extraction pump do not follow accurately a pressure change 
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at the beginning of gas evolution as shown in Fig. 2. Therefore pressure changes were measured 
indirectly with a Pirani gauge (4 in Fig. 1) attached to the intermediate collecting volume (about 
400 ml) between the extraction pump and the collection pump. Pressure changes are recorded with 
an automatic self-balancing recorder to make gas extraction curves similar to the one illustrated in 
the right hand portion of Fig. 2. By partly closing the stopcock C, (Fig. l), these curves can be run 
with greater sensitivity. Valuable information on gas extraction phenomena can be obtained from 
these recordings. 

Stopcock C8 is used to isolate the furnace system while the gas analysis is carried out. If gas 
extraction is incomplete, the residual gas evolved from the last sample can be collected during the 
following blank run in the intermediate collecting volume, and a check made to determine whether 
the gas extraction is complete or not. 

High 
pressure 
side 

I-- 
l” 

Intermediate 
collecting 
volume 
side 

T-- I- 
min 

FIG. 2.-Comparison of pressure change between high vacuum side of extraction pump 
and intermediate collecting volume side. 

Collection and circulation pump 

The gas extracted is collected into a small collecting volume through the intermediate collecting 
volume with a newly designed vacuum pump. It is a two-stage mercury ejector pump (6 in Fig. 1),s 
capable of working against a high backing pressure. When the stopcock Cs is closed, this pump can 
also be used to circulate the gas in the analysis system. Because the maximum backing pressure of 
this pump is 9 mm of mercury, the collecting volume can be made small, so that the pressure in it 
can be so high as to be easily measured. 

The effective collecting volume is 75 ml, and the pressure in the collecting volume usually builds 
up to 3-5 mm of mercury. The speed of the pump is 5 litre/sec at 1O-5-1 mm of mercury. 

Pressure measurement 

Quantitative pressure measurements are made accurately, easily, continuously and rapidly by a 
newly designed oil manometer, as shown in Fig. 3, because the pressure in the collecting volume is 
comparatively high. 

The oil used is No. 703 or 704 of Dow Coming Silicone. After redistilling and degassing, the oil 
is poured into the oil pool of the manometer. The manometer is attached to the collecting volume 



584 TAKAYUKI SOMIYA, Srrrzo HIRANO, HITOSHI RAMADA and frcr-n OUHAU 

and turned upside down. Once more the oil is degassed by heating the oil pool with a weak flame. 
For the purpose of avoiding defects, such as absorption and release of gas, the volume of oil used 
should be a minimum and the contact area between oil and gas should also be a minimum. 

An expansion volume of 400 ml (11 in Fig. 1) can be connected by opening a tap if the range of 
the oil manometer is exceeded by an unexpectedly large evolution of gas. 

The volume in which the gases are collected is calibrated by means of a gas burette, and it can 
be determined with a precision of &lx. The temperature of the collecting volume should be held 
to within &2” if a high precision measurement is desired. The electric current of the heater of the 
collection pump and the temperature of the cooling water should be controlled at the same condition 

When using When not using 

When outgassing 
(upside down) 

Weak ) 
flame 

-7-Q 

Fro. 3.-Gil manometer. 
Below A the tubing is capillary. 

as during calibration. The sensitivity (mg/mm of oil) for each gas is calculated, namely, 0.000670 
for hydrogen, O-00532 for oxygen and 0.00931 for nitrogen. 

The manometer reading is made automatically with photoelectric attachments and recorded on 
an automatic self-balancing recorder. 

Znduction heater 

An induction heater of 3 kW nominal output at 400 kc/s is used. With the right combination of 
coil and crucible, a lower power, such as 0.6 kVA (plate voltage x plate current), is dissipated in the 
graphite to produce a temperature of 2300”. The 16-turn coil is 110 mm high with an internal 
diameter of 82 mm. The induction heater is provided with a control unit that gives a continuous 
change of temperature from about 800” to 2300’. 

Furnace assembly 

The furnace assembly developed by Guldner and Beach” has been modified. For the purpose of 
rapid gas extraction and collection, the dimensions of all parts of the assembly are changed as shown 
in Fig. 4. This section is an air-cooled Pyrex shell. A joint at the bottom is sealed in place with 
Dekhotinsky cement and acts as a support for a quartz thimble, which is positioned more uniformly 
and easily than when suspended by platinum wires from glass hooks. The thimble contains a graphite 
crucible surrounded by 200-250 mesh graphite powder. 
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The crucible with a renewable insert is of simple form. The insert, which makes a sliding fit with 
the crucible, is 75 mm high, 65 mm deep by 26 mm external diameter with a wall thickness of 3 mm, 
and has a working capacity of 50 g. 

A large crucible assembly has the advantages of being able to treat a much greater total weight 
of metal per run, being more available for a wider range of sample weights, and having a lower rate 
of increase of bath viscosity, because of the reduction in the ratio of crucible-bath interface area to 
bath material. The disadvantage of having a somewhat larger blank than for a smaller crucible was 
a matter for consideration, but in practice the blank is usually as low as 0*01-003 ml/30 min at N.T.P. 

OY IO 

cm 

FIG. 4.-Furnace assembly: 
1. Prism. 6. Quartz tube. 
2. Side arm. 7. Graphite powder (200 mesh). 
3. To diffusion pump. 8. Graphite crucible. 
4. Graphite lid. 9. Induction heater. 
5. Graphite funnel. 10. Magnetic plunger. 

Gas analysis system 
11. Rubber packing. 

Low-pressure methods of gas analysis are rapid and accurate, and they have been used almost 
exclusively in the present work. Carbon monoxide and hydrogen are oxidised to carbon dioxide and 
water, respectively, by circulating the gas mixture over heated copperI oxide. Water is absorbed 
with phosphorus pentoxide and carbon dioxide is frozen out in a liquid nitrogen trap. By measuring 
the pressure drop, each gas is determined. The residual gas is assumed to be nitrogen. 

General vacuum system 
The system is evacuated by a newly designed all-glass, two-stage mercury diffusion-ejector pump.@ 

The speed is 30 to 50 litre/sec at 1O-5-1O-4 mm of mercury, and the critical backing pressure is as 
high as 5 to 6 mm of mercury. By using this pump it is possible to shorten the outgassing time of 
the graphite crucible and also to simplify the apparatus on the low pressure side. 
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Calculation system 
Analytical data can be automatically calculated and printed out with a digital electric computerl* 

designed newly for chemical analysis. Briefly, if two resistances correspond with the sample weight 
and the sensitivity of the manome~r, respectively, and a third resistance follows the response of the 
pressure change in the analytical system, and if these are used as three arms in the bridge circuit 
of the computer, the analytical data can be calculated by automatically matching the resistance of 
the fourth arm of the bridge circuit. 

Safety devices 
The most troublesome breakdowns in this apparatus were caused by failure of the cooling 

water, by breakage of glass parts or by the increase of leaks. The electric power to each part is 
automati~lly switched off by safety devices assembled with a pressure gauge or water level meter 
and meter relay. 
can be avoided. 

By these devices, any accident of interruption of the water supply or vacuum break 
Occasionally at the beginning of heating, a sudden rush of graphite powder used 

as a heat shield has been experienced. As a sym tom of such a sudden rush, the vacuum becomes 
poorer. At this time a safety device switches o tE_’ the induction heater automatically and then the 
sudden rush can be prevented. 

Saample pre~arat~~ 
Procedure 

A sample weight of O*l-10 g, but below 10 mm in maximum dimension, is suitable for analysis. 
Samples are cut by a lathe or shaper without using cutting oil and should be stored in the side arm 
of the furnace chamber. Twenty or more samples can be placed in the side arm and released in turn 
by means of magnetic plungers. 

Outgassing 
Before a new crucible is placed in the apparatus, it is preheated to 400-500” in a stream of argon 

for about 1 hr. This reduces the time necessary for outgassing and also the crucible blank. 
After evacuation of the system, the temperature of the crucible is raised to 2200-2300” and held 

at this temperature for 15-5 hr. The crucible assembly should not be outgassed at a higher tempera- 
ture, otherwise the rate of evaporation of graphite becomes excessive. 

When the outgassing of the graphite crucible is complete, the crucible is allowed to cool to below 
the extraction temperature. It is then desirable to outgas the bath material little by little because of 
the reduction of the time necessary for outgassing. 

The ‘blank’ gas is collected for 30 min and analysed. The composition normally consists of 
30 to 100% of carbon monoxide, O-70% of hydrogen and is free from nitrogen. The average value 
of the blank rate at 1850” is equivalent to 0~01-0~03 ml/30 min at N.T.P. This normally is only a 
small percentage of the gas collected from a sample during a collection time of 1 to 2 mm. 

The blank is always measured for the 3 min immediately following the collection of gas from a 
sample. Carbon monoxide and hydrogen blanks do not increase with the number of droppings of 
the sample but the nitrogen blank tends to increase gradually for some kinds of sample. 

Dropping the sample 
To obtain a rapid reduction of the oxide, it is generally desirable to introduce the sample into a 

molten metal bath containing dissolved graphite, except light metal samples. Even if the reaction 
between bath and sample is violent and a part of the sample or bath material is ejected from the 
crucible, or if the gas comes off in a rush from the crucible, our experience has shown that lower 
results are not obtained. It has heen observed with the gas extraction curve that ejection of a sample 
does not happen before gas evolution but at the same time. The crucible lid has been provided but 
we have not used it, except when outgassing a crucible assembly. By this means, a prolonged stay of 
gas inside the crucible is avoided. Generally, it seems that high pressure causes incomplete extraction 
of the gas. 

Gas extraction temperature 
A gas extraction curve for every kind of sample is determined while the crucible temperature is 

increased from 800” to 2100°. The selected extraction temperature is 50”-100° higher than the 
temperature at which gas evolution stops. 

Collection time 
The observed gas extraction curves show that only 15-60 set is required for the rate of evolution 

to become equal to that of the original blank rate. In this apparatus, the gas is usually collected for 
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1-2 min. If residual gas is found in the intermediate collecting volume during the following blank 
run, the gas is measured again and analysed. 

Gas analysis 
The analysis of the gas, the evacuation of the nitrogen and the transfer of the following blank 

gas into the system, can be completed in 5-7 min. It is undesirable to use anhydrous magnesium 
perchlorate as an absorber of water vapour in place of phosphorus pentoxide, possibly because of 
the higher water vapour pressure of the former. 

Time required for analysis 
The time required for determination of gases in a metal is as follows: 

1. Setting furnace assembly, including crucible assembly and sample introduction 30 min 
2. Pumping out furnace 5 min 
3. Outgassing of crucible at 2200”-2300” 90-300 min 
4. Cooling to extraction temperature 5-7 min 
5. Blank run 3 min 
6. Dropping of sample 0.05-0.2 min 
7. Gas collection time l-2 min 
8. Gas analysis (for three elements) 7min 

(for oxygen only) 5min 
9. Calculatiop by automatic computer 0.1 min 

10. Recording with digital printer 0.05 min 
11. Evacuation of gas analysis system 0.5-l min 

The total time required for carrying out a complete extraction up to printed results is 7-9 min. 
If the time required for gas analysis is shortened, the total time may be reduced even more. Analysis 
of 20 or more samples can be made in 8 hr, including loading, outgassing and gas analysis. 

APPLICATION OF. GAS EXTRACTION CURVE 

Much valuable information about gas extraction phenomena can be obtained 
from the gas extraction curves measured with a Pirani gauge (4 in Fig. 1). 

Gas extraction curve at extraction temperature 

From a curve recorded at the extraction temperature, information can be obtained 
on the following items : state of gas evolution, gas extraction time and gas collection 
time, successful dropping of sample, state of melting of sample and bath condition. 

If dropping, melting and gas extraction are carried out under good conditions, the 
normal gas extraction curve has a shape similar to curve A in Fig. 5. In such a case, 
the gas extraction may be completed in as short a time as 15-60 sec. 

A gas extraction curve also provides information on whether the results are 
reasonable or not. For example, when analysing hafnium metal samples, various 
shapes of gas extraction curve, as shown in Fig. 6, were obtained. The normal gas 
extraction curve shown in Fig. 6 (A) gives accurate results. Low results are obtained 
for extraction curves of the type shown in Fig. 6 (B). 

When pieces of sample or bath material are dropped one by one into a new 
crucible, the shape of the gas extraction curve changes gradually and approaches the 
shape of a normal gas extraction curve as shown in Fig. 7. By this means the state of 
melting of a metal sample can be observed. 

When unexpectedly large amounts of gas evolve from a sample, the curve obtained 
is similar to B in Fig. 5. In such a case, the tap of the expansion volume should be 
opened as soon as possible. If a sample is occasionally caught on an upper position 
of the crucible and does not drop directly into the bath, the curve obtained is as shown 
in Fig. 5 (C) or (D). Sometimes a similar curve is observed when the bath becomes 
viscous and a dropped sample floats on the bath. 



ob 

\\ 

TAKAWKI SOMIYA, SHIZO HIRANO, HITOSHI KAMADA and IICHI OGAHARA 

Steel 

Open the 
expansion 

C 

Steel 
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FIG. L-Gas extraction curves at extraction temperature: 
a-d = collection time, 
h-c = extraction time. 

_L 2 min 

/ 

0.064 

Oxygen, % 

(cl) 

0.045 

Oxygen, % 

(b) 

D 

steel I r+ 

FIG. 6.-Extraction curves of gases in hafnium metal at 1900” 
(bath material: nickel). 
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I min 

I 

I 2 3 

Order of dropping 

FIG. ‘I.-Change of gas extraction curve with order of dropping 
(sample: nickel; temperature: 1850”). 

I t 
Start of heating Finish of 

gas extraction 

FIG. 8.-Extraction curve of gases in hafnium with increasing temperature. 

Gas extraction curve with increasing temperature 

From a curve recorded with increasing temperature, information can be obtained 
on the following items: gas extraction temperature, form of oxides or nitrides, etc. 

It is very important to decide on a reasonable gas extraction temperature. That is, 
its temperature should be high enough to complete the extraction but conversely it 
should be as low as possible in order to avoid the evaporation of sample and bath 
material. A reasonable temperature can be decided by a gas extraction curve. For 
example, by this means, the extraction temperature of a sample of hafnium metal in a 
nickel bath could be decided easily and reasonably. Its extraction curve is shown in 
Fig. 8. 

The total oxygen and nitrogen in a sample can only be obtained by the usual 
vacuum fusion method. If some information on the form in which the oxygen or 
nitrogen exists can be obtained, this will be very useful, particularly in the steel in- 
dustry. By measuring a gas extraction curve with increasing temperature, some 
information on the form of the oxides or nitrides can be obtained. For example, gas 
extraction curves of some kinds of steel are shown in Fig. 9. The shape of the curves 
varies with the kind of sample and it seems that there is a possibility of inference of the 
form of oxide or nitride. 

Iron and steel 
APPLICATION 

Samples of various kinds and various ranges of oxygen content from 10 ppm up to 
650 ppm have been examined. The determinations were made at 1850” without 
employing a bath material, using sample weights up to 2 g and collecting the gas for 1 
min. More reproducible results were obtained than with other types of apparatus 
and in spite of a very short collection time the analytical results coincided with those 
found by other investigators, as shown in Table I. The effect of manganese14 on the 
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determination of oxygen in steel was also studied. As shown in Table IT, if a platinum 
or tin bath is used, the effect of manganese was negligible, but without such a bath 
more than about I % of manganese had a bad effect. 

A number of di%culties in the determination of nitrogen by the vacuum fusion 
method have been reported. l3 Nitrogen results obtained with the old type of apparatus 

metallic chromium 

B Ni-Cr steel 

b ‘0 2 ;i Low carbon killed steel 

FIG. 9.-Gas extraction curve of various steels and metallic chromium with increasing 
temperature. 

at our laboratory were 20-50x lower than with the Kjeldahl method. By using the 
new apparatus the recovery of nitrogen increased, and the nitrogen values were lower 
by O-15 % than those obtained by the Kjeldahl method. We think this is caused by the 
very fast gas extraction. If the same collection time as with oxygen is applied, the 
extraction of nitrogen is incomplete and the nitrogen content in a blank run gradually 
increases. Therefore, the amount of nitrogen in the following 26-min blank run was 
added to the nitrogen value of the last sample. Consequently, the reproducibihty was 
relatively improved as shown in Fig. 10. Yet these results were a little lower than 
the Kjeldahl values. By using a platinum bath, however, the difference became 
smaller and in addition, if the collection time was reduced to only 3 min, the recovery 
of nitrogen was almost complete. Moreover, the effect of manganese on the deter- 
mination of nitrogen almost disappeared. These results are shown in Table III. 
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TABLE I.-COMPARISON OF OXYGEN DETERMINATION BETWEEN DIFFERENT LABORATORIES 

Our Laboratory 

Found,ppmb 0.0 ppm 

Gas Analysis* Japan Steel 
Committee Works Ltd. 

--- 
Pound, ppmb a,= ppm Found, ppm 

Ni-Cr steel 42 1.3 
Low carbon killed steel 54 1.3 
Nitriding steel 18 0.8 
Carbon steel 79 2.6 
Ahoy steel 49 1.8 
Pure iron 176 1.7 
Electrolytic iron 640 10 

43 8 
58 7 - 
17 5 - 
- 78 
- 49 

0 Gas Analysis Sub-committee of the 19th Committee in the Japan Society for the Promotion 
of Science. Collection time: 10-30 min. 

b Average value. 
c CT is the standard deviation of the analytical data. 

TABLE II.-EFFECT OF MANGANESE ON DETERMINATION OF OXYGEN IN STEEL 

Sample Manganese, % 
Oxygen, % 

None Pt-Bath Sn-Bath 

Carbon steel 0.35 0.0208 O+0201 o*019s 
18-Cr stainless steel 0.50 o*0140 0.014, 0.01 86 
13-Cr stainless steel 0.65 O-016, 0.0188 
Cr-Mo steel 0.79 0.005$ o*oos, - 
Mn steel 1.02 QO020 0TI068 O-OO61 
18-Cr-8-Ni stainless steel 1.35 0*003, 0.011, o.olos 

Oxygen. Pam 

lOO[ 
38 30 23 28 30 20 26 26 26 22 27 25 

I ! I II 1 I I /I I 

90 c 

j’[~ 
during collection time of oxygen 

Nttrogen amount collected 
during one more 13 mln 

next 13 mln 

Order of dropping 

FIG. lO.-Relation between nitrogen recovery and order of dropping 
(sample: Mn steel; sample weight: 2-2.5 g). 

15 
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TABLE ~&--COMPARISON OF NITROGEN DETERMINATION BY VARIOUS METHODS 

Nitrogen, % 

Manganese, % Vacuum fusion method 
Kjeldahl 

Nonea Pt-Bathb method 

18-Cr-8-Ni stainless steel 
Mn steel 
Cr-Mo steel 
18-Cr stainless steel 
Carbon steel 

4 Collection time: 30 min. 
b Collection time: 3 mm. 

1.35 0.028, 0.030, 0.029, 
1.02 0.007, 0.0091 0.009~ 
0.79 0.007, 0.008, 0.008, 
050 0.033, 0.034, 0.035, 
0.35 00J4, O-004, OXrO4~ 

Acknowledgement-The investigators were assisted by helpful discussions with Drs. H. lshii and 
A. lto and the staff of Industrial Analytical Chemistry, Faculty of Engineering, University of Tokyo. 

Zusammenfassu~-Eine verbesserte Anordnung ftir die Freisetzung 
und Sammlung von Gasen sowie ftir Messung und Berechnung des 
Druckes zum Gebrauch bcim Vakuumschmelzverfahren wird beschrie- 
ben. Es ist fiir Routineanalyse und ftir Forschungsaufgaben mit 
vielseitigen Anspriichen ausgelegt. Die Sammhmg des Gases braucht 
1-2 Minuten, einschlidlich 15-60 Sekunden zur Freisetzung des 
Gases. Der gesamte Zeitaufwand ftir eine fertige Analyse betriigt 
7-9 M&ten. Der Blindwert ist 0,01-0,03 ml in 30 M&ten bei 1850”. 
In 8 Stunden kijnnen 20 oder mehr Proben analysiert werden, Aufgeben 
der Probe, Entgasen turd Gasanalyse inbegrithn. Ein neu entworfenes 
Registriersystem zur Gasextraktion wird beschrieben, mit dem man 
die gtinstigsten Bedingungen zur Bestimmung von Gasen in den 
gebrluchhchsten Metallen aufsuchen kann. 

Resume-On d&it un appareil ameliore pour extraire les gaz, les 
recueillir, effectuer les mesures de pression et les calculus, pour emploi 
dans la methode de fusion sous vide. Ii est concu pour les analyses 
courantes et les recherches de caractere g&r&al. Le temps necessaire 
pour recueilhr les gaz est de 1-2 mm, y compris 15-60 sec. pour 
I’extraction des gaz. Le temps total n&cessite pour une analyse com- 
plete est de 7-9 mn. L’essai ii blanc est de 0,01-0,03 ml/30 mn a 1850”. 
On peut effectuer, en 8 h, l’analyse de 20 echantillons, ou davantage, 
en comprenant la charge, le d6gazage et l’analyse des gaz. On d&crit 
un systeme enregistreur d’extraction de gaz nouvellement concu, pour 
Ctudier les conditions optimales de dosage des gaz dans les mCtaux 
dint&et courant. 
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PIONIERE DER ELEKTROANALYSE 

F. SZABADVARY 
Institut fur Allgemeine Chemie, Technische Universitat, Budapest, Ungarn 

(Eingegangen am 3 September 1963. Angenommen 16 September 1963) 

Zusamrnenfassung-Es werden die Erfinder und die bedeutendsten 
Forscher der verschiedenen Zweige der Elektroanalyse, und zwar der 
Elektrogravimetrie, pH-Messung, potentiometrischem und kon- 
duktometrischern Titration, Coulombmetrie, Polarographie, Ampero- 
metrie und der verschiedenen tlblichsten Elektroden besprochen. Von 
der Mehrzahl der erwlhnten Persiinlichkeiten werden such die wich- 
tigsten biographischen Daten gegeben. 

IM Jahr 1800 begann das Zeitalter der Elektrizitslt, als Volta seine beriihmte “Saule” 
erfand und damit der elektrische Strom “erfunden” war. Noch im selben Jahr hatten 
damit Carlisle und Nicholson das Wasser zersetzt,l und Cruikshanks beobachtete, 
dass wenn die Elektrizitat der Voltaischen Saule durch eine MetallsalzlSsung geleitet 
wird, daraus Metalle am negativen Pol abscheiden.2 Das waren die Anfange einer 
neuen Wissenschaft, der Elektrochemie, die dann besonders durch die Arbeit von 
Ritter, Davy und Faraday einen raschen Aufschwung nahm. 

Merkwtirdiger Weise liess aber die analytische Anwendung des elektrischen 
Stromes noch ziemlich lange auf sich warten, obzwar man annehmen wtirde, dass 
nach Cruikshanks Beobachtung die Elektrogravimetrie sich schnell entwickeln h%tte 
miissen. Tatsachlich liest man aber in den folgenden Jahrzehnten hiichstens iiber 
einzelne qualitative Nachweise mit Hilfe des elektrischen Stroms. Fischer wies 1812 
das Arsen elektrolytisch nach,3 Cozzi und Gaultier de Claubry empfahlen elektrischen 
Strom zum Nachweis von Metallen bei toxikologischen Analysen4p5 wlihrend Despretz 
Blei und Kupfer nebeneinander elektrolytisch nachwies, indem das eine an der 
Anode, das andere an der Kathode abgeschieden wurde.6 

DIE ELEKTROGRAVIMETRIE 

Die Elektrogravimetrie wurde endlich im Jahr 1864 geboren, also mehr als ein 
halbes Jahrhundert spater als die erste elektrische Batterie. Ihr Etinder war Wolcott 
Gibbs. Er bestimmte Kupfer and Nickel in Platintiegeln mit Hilfe der Bunsenschen 
Batterie. Die Tiegelwand selbst diente als Kathode, wlhrend die Anode ein in den 
Tiegel reichender Platindraht war.’ 

Luckow verijffentlichte 1865 eine Hhnliche Methode und behauptet darin sie seit 
1860 schon beniitzt zu haben.* 

Nun folgten rasch nacheinander Vorschriften zur elektrogravimetrischen Bestim- 
mung weiterer Metalle. 

Bedeutend war die Tatigkeit Classens, der zuerst die Rolle der Stromstarke unter- 
suchte und Galvanometer in den Stromkreis schaltete. Er elektrolysierte zuerst unter 
ErwSirmen der Losung, wodurch die Abscheidung beschleunigt wurde. Ebenfalls 
Classen ist die erste Monographie iiber Elektrogravimetrie zu verdanken.9 Lange 
Zeit diente der Platintiegel als Kathode, Paweck konstruierte die erste Netzelek- 
trode.lO Die Quecksilberkathode stammt von Gibbs selbst.ll 
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Verwandt zur Elektrogravimetrie, weshalb hier zu erwahnen ist die sogenannte 
coulombmetrische Analyse, wo unmittelbar Faradays Gesetze zur Bestimmung 
verwertet werden. Diese verhSiltnismlssig junge Methode wurde 1938 von Szebelledy 
und Somogyi in die Analyse eingefiihrt.i2 

ELEKTROMETRISCHE PH-MESSUNG UND ELEKTRODEN 

Wie bekannt, gab Nernst die erste quantitative Beziehung fur die elektromorische 
Kraft der galvanischen Ketten. l3 Die elektromotorische Kraft steht danach in 
Verhiiltnis mit der Konzentration der Elekrolytlosung. Somit war prinzipiell eine 
Miiglichkeit gegeben zur elektrometrischen Konzentrationsbestimmung. Es fehlte 
aber die geeignete Elektrode urn die Wasserstoffionenkonzentration, der nach der 
Arrheniusschen Dissoziationstheorie eine bevorzugte Rolle zukam, zu bestimmen. 
Le Blanc machte 1893 die Beobachtung, dass eine mit Wasserstoff von bekanntem 
Druck gefiillte Platinelektrode sich gegen Saureliisungen ebenso verhalt wie eine 
Metallelektrode gegen eine entsprechende MetallsalzlGsung.14 Mit Hilfe von 
Konzentrationsketten unter Anwendung von Wasserstoffelektroden bestimmte dann 
Salessky die Wasserstoffionenkonzentration von solchen Saure- bzw. Basenlosungen 
in welchen verschiedene Tndikatoren eben Ubergangsfarbe zeigten.15 Soerensen 
mass den pH-Wert seiner Pufferlbsungen schon mit Hilfe von Wasserstoff und Kalo- 
melelektroden.ls (Kalomelelektrode sol1 aber Kohlrausch zu physikalischen Zwecken 
schon im vorigen Jahrhundert verwendet haben.) Cremer beobachtete 1906 bei 
seinen biologischen Versuchen, l7 dass eine Potentialdifferenz zwischen zwei durch 
Glasmembran getrennten Lbsungen von verschiedenen Wasserstoffionenkonzen- 
trationen auftritt, und stellte such fest, dass daftir die Membran verantwortlich 
ist. Haber und Klemensiewicz untersuchten dann diese Frage weiter und fanden dass 
eine mit neutraler Salzlosung geftillte diinnwandige Glaskugel ihr Potential ebenso in 
Funktion der Wasserstoffionenkonzentration Bndert wie eine Wasserstoffelektrode. 
Sie konstruierten 1909 dann die erste Glaselektrode. l* Obzwar Sie ihrer Elektrode in 
der Ersetzung der Platinwasserstoffelektroden grosse Zukunft voraussagten, liess 
diese ziemlich lange auf sich warten. Der grosse innere Widerstand der Elektrode ver- 
hinderte namlich ihren Gebrauch bei der tiblichen Kompensationsmethode, man 
konnte sie nur bentitzen, wenn mit Quadrantenelektrometer gemessen wurde, das 
jedoch wegen der Umbequemlichkeit nicht sehr beliebt war. Das richtige Zeitalter der 
Glaselektroden kam erst mit den Riihrevoltmetern in den dreissiger Jahren unseres 
Jahrhunderts. 

Die Chinhydronelektrode entdeckte Biilmann 1920,1g die Antimonelektrode Uhl 
und Kestranek 1923.20 

POTENTIOMETRISCHE TITRATION 

Die erste potentiometrische Titration unternahm Behrend 1893.21 Er titrierte 
Quecksilber (1)nitrat mit Kaliumchloridlosung in einer Hg-n/IO HgNOa-n/IO HgNO,- 
Hg Kette: “Setzt man nun zu einer der Losungen Chlorkalium, so fallt Quecksilber- 
chloriir aus, der osmotische Druck der Quecksilberionen wird auf dieser Seite 
geringer und man erhalt eine Potentialdifferenz in dem Sinne, dass das Quecksilber 
unter der mit Chlorkalium versetzten Lbsung negativ wird gegen das unter der 
unveranderten Nitratliisung. Bei weiterem Zusatz von Chlorkalium wird die 
Potentialdifferenz grosser und zwar bei gleichen Zusltzen zuerst langsam dann immer 
schneller. . . Den starksten Einfluss auf die Anderung der Potentialdifferenz tibt der 
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Zusatz von Chlorkalium in dem Augenblick, in welchem der letzte Rest des Merkuro- 
nitrats ausgeftillt wird. . . Weiterer Zusatz von Chlorkalium bewirkt alsdann ein 
verh%ltnism%asig langsames Steigen der Potentialdifferenz. . .” schrieb Behrend, 
woraus zu sehen ist, dass er den Vorgang such theoretisch gut zu erklgren vermochte. 

Vier Jahre folgte dann nichts auf diesem Gebiet, bis dann 1897 BSttger zuerst 
eine Sgiure-Basetitration potentiometrisch unter Anwendung einer mit Palladium iiber- 
zogenen Goldelektrode und der Kompensationsmethode unternahm.22 Die Redox- 
titration war die letzte, die potentiometrisch ausgefiihrt wurde. Crotogino titrierte 
1900 Halogene mit Kaliumpermanganat unter Anwendung einer glatten Platinelek- 
trade.= 

Zur Messung diente im allgemeinen die Kompensationsmethode. Doch wurden 
bald such andere Methoden geschaffen. Wenn man z.B. einen Artikel von Salomon 
aus 1897% aufmerksam durchliest, so findet man, dass dort eigentlich schon ganz 
genau die sogenannte “dead-stop” Methode beschrieben wurde, die allerdings dann 
1926 neu entdeckt wurde.25 

Unter Anwendung einer polarisierten Elektrode titrierten zuerst 1911 Dutoit und 
Weisse, die Titration auf Nullpotential tiurde gleichzeitig von Pinkhof und Tread- 
well und Weiss entdeckt,27 die Differenztitration stammt von COX.~ 

KONDUKTOMETRISCHE TITRATION 

Leitf;ihigheitsmessungen an Fliissigkeiten wurden fiir physikalische Zwecke 
seit Mitte des vorigen Jahrhunderts oft unternommen, sie trugen in hohem Mass zur 
Ausbildung der physikalischen Chemie bei. Die durch die Neutralisation oder Fgl- 
lung verursachte Leitftihigkeitsverminderung einer LSsung niitzten zu analytischen 
Zwecken jedoch erst im Jahr 1903 Kiister und Griiters aus, die die erste kondukto- 
metrische Titration ausfiihrten. 2g In ihrer sehr kurzen Mitteilung berichteten sie 
aber nichts ngheres iiber die angewandte Einrichtung. 

Die moderne Hochfrequenztitration beruht ebenfalls auf der LeitfSihigkeitsHnder- 
rung der LSsung, sie wurde 1946 unabhgngig voneinander von englischen und ameri- 
kanischen Forschern entdeckt.30 

POLAROGRAPHIE 
Heyrovski beobachtete 1922 dass das gleichmgssig tropfende Quecksilber eine 

sehr geeignete Elektrode zum Studium von Elektrolysevorggngen bietet. An der 
sich standig erneuernden Oberflgche besteht eine grosse uberspannung, man kann 
sie vollst?indig polarisieren. Er fand ferner, dass man aus den Potentialkurven die 
depolarisierenden Komponenten der Lijsung qualitativ und quantitativ ermitteln 
kann.31 Zur praktischen Vereinfachung dieses Prinzips konstruierten dann 1924 
Heyrovsk; und Shikata den ersten Polarographen .32 Die Weiterentwicklung der 
Polarographie, die Oscillopolarographie ist ebenfalls Heyrovskj zu verdanken,% 
ebenso wie die sogenannte polarometrische (amperometrische) Titration (1927).% 

BIOGRAPHISCHE DATEN 

Behrend, Robert (1856-l 926) 

Schiiler Ostwalds in Leipzig, von 1897 Professor der organischen Chemie an der 
Technischen Hochschule Hannover. 
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Biilmann, Einar (1873-1946) 

Professor der Chemie an der Universitat Koppenhagen. 

Biittger, Wilhelm (1871-1949) 

Schiiler Ostwalds, von 1910 bis 1938 Professor der analytischen Chemie an der 
UniversitHt Leipzig. 

Carlisle, Anthony (1768-l 840) 

Arzt im Westminster Hospital, London. 

C’lassen, Alexander (1843-l 934) 

Von 1883 Professor der analytischen Chemie an der Technischen Hochschule, 
Aachen. 

Cozzi, Andrea (+ 1852) 

Professor der Chemie an der Universitat Florenz. 

Cruikshanks, William (1745-l 800) 

Arzt, Professor der Anatomie in London und Chemiker der Artillerie. 

Davy, Humphry (1778-l 829) 

Professor an der Royal Institution, einer der beriihmtesten Chemiker, Entdecker 
der Alkalimetalle, des Bogenlichsts usw. 

Despretz, C&ar (1792-l 863) 

Professor der Physik an der Universitat Paris. 

Dutoit, Paul (18 73-1944) 

Von 1898 Professor der physikalischen, von 1918 der analytischen Chemie an der 
Universitat Lausanne. 

Faraday, Michael (1791-1867) 

Laborant, spater Mitarbeiter Davys, endlich Direktor der Royal Institution. 
Machte bedeutende Entdeckungen sowohl in der Physik (Indukton) wie in der Chemie 
(Gesetze der Elektrolyse, Benz01 usw.) 

Foulk, Charles William 

Geboren 1869, von 1898 bis 1939 Professor der analytischen Chemie an der Ohio 
State University. 

Gaultier de Claubry, Francois (1792-1878) 

Professor der Chemie, splter der Toxicologic an der Ecole Superieure de Pharm- 
acie, Paris. 

Gibbs, Wolcott (1822-l 908) 

Arzt. studierte in Europa neben Rose, Liebig und Dumas, dann Professor im 
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College of the New York City, spater Professor der Chemie an der Harward Univer- 
sity, U.S.A. 

Haber, Fritz (18681934) 

Professor der Chemie an der Technischen Hochschule Karlsruhe, von 1912 
Direktor des Kaiser Wilhelm Institute fur Chemie. Bertihmt wegen seiner Arbeit 
hinsichtlich der Ammoniak-Synthese. Nobelpreistrager fur Chemie 1916. 

Heyrovskj, Jaroslav 

Geboren 1890, von 1926 Professor der physikalischen Chemie an der Karls 
Universitat, Prag, seit 1950 Leiter des Polarographischen Instituts der Tschechoslowa- 
kischen Akademie. Nobelpreistrlger fur Chemie 1959. 

Klemensiewicz, Zygmunt 

Geboren 1886, bis 1939 Professor der Physik an der Technischen Hochschule 
Lemberg. 

Kohlrausch, Friedrich (1840-1910) 

Professor der Physik der Reihe nach an der Technischen Universitat Zurich, an 
der Universitat Wtirzburg, Strassburg und endlich Berlin. 

Kiister, Friedrich Wilhelm (1861-1917) 

Schtiler von Nernst, wurde 1899 Professor der Chemie an der Bergakademie 
Clausthal, zog sich 1904 zurtick und lebte privatisierend weiter. 

Le Blanc, Max (1865-1943) 

Zuerst Professor der physikalischen Chemie an der Technischen Hochschule 
Karlsruhe, dann von 1906 bis 1934 an der Universitat Leipzig. 

Nernst, Walther (1864-1941) 

Schtiler Ostwalds, von 1894 bis 1904 Professor der physikalischen Chemie an der 
Universitat Giittingen, von 1904 an der Universitit Berlin. Von 1922 Direktor der 
Physikalisch-Technischen Reichsanstalt. Nobelpreistrlger fiir Chemie 1920. 

Nicholson, William (1753-1815) 

Beamter des Ostindischen Gesellschaft, dann Schuldirektor in London, dann 
Privatingenieur, endlich Herausgeber einer wissenschaftlichen Zeitschrift. 

Paweck, Heinrich (1870-1941) 

Von 1907 Professor der Elektrochemie an der Technischen Hochschule, Wien. 

Ritter, Johann Wilhelm (1776-1810) 

Praktisierender Arzt in Jena und Gotha, von 1810 in Mtinchen lebend als Mitglied 
der Bayrischen Akademie der Wissenschaften. 

Shikata, Mazuro 

1895 geboren, arbeitete 1923 in Prag, wurde 1924 Professor an der Universitat 
Kyoto, nach 1953 Professor an der Universitat Nagoya. 
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Soerensen, Soeren Paul Lauritz (1868-l 939) 

Direktor des Carlsberg Laboratoriums in Koppenhagen, Einftihrer der pH- 
Bezeichnung. 

Sornogyi, Zoltdn 

Assistent an der Universitat Budapest. Gestorben durch Kriegsereignisse 1945. 

Szebe&dy, Ldszld (1901-1944) 

Von 1938 Professor der anorganischen und analytischen Chemie an der Univer- 
sit&it, Budapest. 

Treadwell, William Dupre’ (I 885-1959) 

Bis 1955 Professor der analytischen Chemie an der Technischen Universitat 
Zurich. 

Uhl, Alfred 

Geboren 1889, tgtig in dem Oesterreichischen Forschungsinstitut fur die Land- 
wirtschaft, von 1942 bis 1947 Direktor ebendort. 

Volta, Alessandro (1745-l 827) 

Von 1780 bis 1819 Professor der Physik an der Universittit Pavia, Erfinder der 
ersten elektrischen Batterie (Voltaische SBule, 1800). 

Uber die im Artikel erwghnten Forscher die im biographischen Teil nicht auf- 
gezlhlt sind, konnte ich leider iiberhaupt keine biographischen Daten erfahren. 

Smnmary_--The pioneers and the most outstanding research workers 
in the different branches of electro-analysis-electrodeposition, pH 
measurement, potentiometric and conductometric titration, coulo- 
metry, polarography and amperometry, and the inventors of the 
commoner types of electrodes are discussed. Brief biographies are 
given for most of the individuals mentioned. 

R&m&-Gn donne des recapitulations des fondateurs et des chercheurs 
remarquables dans les differentes branches de l’electroanalyse, la 
galvanoplastie, la mesure de pH, dosages potentiometrique et con- 
ductimetrique, coulometrie, polarographie et amptrometrie, ainsi que 
des inventeurs des differents types d’electrodes. Breves biographies 
sont don&es pour la plupart des chercheurs. 
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LIQUID-LIQUID EXTRACTION OF TUNGSTENV’ 
WITH TRIBUTYL PHOSPHATE 
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Department of Chemistry, Jadapur University, Calcutta, 32, India 
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Summary_--A new method has been developed for the rapid extraction 
of tungstenvr with tributyl phosphate (TBP). Quantitative extraction 
occurs from 8-10M hydrochloric acid using 100% TBP. Tungsten is 
finally determined spectrophotometrically as thiocyanate. The extract- 
able species is probably WO,Cl,.ZTBP. There are very few inter- 
ferences. The method is shown to be applicable to an alloy steel. 

IN this laboratory tributyl phosphate (TBP) has been used for the extraction of iron”’ 
and vanadiumv.l The extraction studies with TBP have now been extended to tung- 
stenv’. The latter can be extracted from hydrochloric acid solution with TBP. It can 
then be stripped with water and treated with tin” chloride plus thiocyanate to give a 
coloured product for spectrophotometric determination. This forms the basis of the 
method outlined in this paper for extraction and determination of tungstenv’ at the 
milligram level. The method has been successfully applied to an alloy steel. 

The thiocyanate method for extraction of tungsten after reduction with tin” 
chloride or any other suitable reducing agent is well known.2 DithioP has been 
reported to be a good extractant for tungsten. Thenoyltrifluoroacetone4 in n-butyl 
alcohol-acetophenone mixture in a strong hydrochloric acid medium has also been 

v1 used to extract tungsten . Other extractants for tungsten are cr-benzoinoxime5 and 
cupferron.6 

Pfeifer12 has previously reported the extraction of tungsten as thiocyanate complex by 
TBP from 3-6M hydrochloric acid. However, his method involves a time-consuming 
procedure of wet ashing after extraction for subsequent determination of tungsten 
by the hydroquinone method. The present technique is simple and more rapid. 

Apparatus 
EXPERIMENTAL 

Spectrophotometric measurements were carried out with a Unicam SP600 spectrophotometer 
using matched l-cm glass cells. 

Reagents 

Tributyl phosphate: 
143-145” at 5 mm. was 

The reagent (Matheson, Coleman and Bell, Cincinnati, Ohio, U.S.A.), b.p. 
employed as extractant after purification according to the method of Peppard 

et al.,” viz., washing first with 8M hydrochloric acid, then with 5% sodium carbonate and finally 
with water. 

Stock solution of sodium tungstate : Prepared by dissolving about 9 g of sodium tungstate (Riedel 
De Haenag %&e-Hanover, Germany) in 1 litre of water containing 4g of sodium hydroxide and 
8 g of tartar& acid. The solution, standardised by the oxinate method, contained 442 mg of tung- 
stenvr/ml. Test solutions for extraction purposes were prepared by dilution of the stock solution so 
as to contain 188 pg of tungstenvr/ml. 

50% Potassium thiocyunate solution: Prepared from E. Merck reagent. 
7 % Tin” chloride solution: Prepared from E. Merck reagent in 10M hydrochloric acid. 
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A 2-ml aliquot of sodium tungstate solution containing 188 ,ug of tungstenvr/ml was mixed in a 
250-ml separatory funnel with the requisite volume of hydrochloric acid to give an acid concentration 
of 9&f. In the experiments involving salting-out agents and diverse ions, the appropriate salting-out 
agents and foreign ions were added before the acid. The resultant aqueous solution was extracted 
with an equal volume of 100 % TBP for 10 min. Where the effect of TBP concentration was studied, 
benzene was the diluent. At the end of the extraction, the two layers were allowed to separate. The 
aqueous phase was retained for measurement of acidity and also for determination of any residual 
tungsten. Tungsten was then stripped from the TBP layer by consecutive shaking for 10 min with 10 
and 5 ml, respectively, of water. To remove any TBP dissolved in the aqueous layer, the back-extract 
was washed with 5 ml of benzene in a separatory funnel and transferred to a 25-ml volumetric flask. 
To this 1.5 ml of 50% potassium thiocyanate were added, mixed well and diluted to the mark with 
7% tinxr chloride in 1OM hydrochloric acid. The absorbance of the yellow coloured solution was 
measured at 420 m,u against water within 4 hr. 

The optimum period of extraction is 10 min. 

Effect of acidity 
RESULTS AND DISCUSSION 

The solvent extraction behaviour of tungsten”’ with respect to TBP was investi- 
gated at varying concentrations of hydrochloric acid from 2 to 1lM. In moderately 
concentrated acid (< 6M), the precipitation of tungstic acid was prevented by the 
presence of tartaric acid. The distribution ratio (D) was computed from the ratio of 
the concentrations in the organic and aqueous phases (Table I, Fig. 1). The tungsten 
in the organic phase was determined as above and in the aqueous phase by the thio- 
cyanate method.2 

Table I shows that extraction with 100 y0 TBP (3*66M) starts from 2M hydro- 
chloric acid and becomes quantitative (> 9904) from 7M acid onwards, the aqueous 
phase after extraction being practically free from tungsten. In Fig. 1, a steep rise in 

TABLE L-DISTRIBUTION RATIO AS A FUNCTION OF 
ACID CONCENTRATION 

TBP 
concentration, HCI, M Distribution 

% (initial) ratio, Db 
2 0.08 

t3qD66~) 

;;.74*) 

;:83M) 

&lM) 

3 
4 
5 
6 
7 
8.5-108 

042 
1.25 
2.9 

11.5 
61.6 
- 

4 
6 
7 
9 

1.2 
6.36 

21.4 
230 

0.56 
3.13 
4.7 

50.1 

4 0.21 
6 1.32 
7 3.64 
9 10 

a Aqueous phase does not contain any detectable 
tunEsten. 

b 
D =-rW”%g.phase . 

rWv11BCl.*lW3e 
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the extraction is observed at lower acidities. This is followed by a further rise at higher 

acidities. The effect is probably caused by salting-out from the aqueous phase by the 
chloride ion. For quantitative extraction the optimum acid concentration is 8-10M 

-20_i 

Hydrochloric acid. M 

FIG. 1 .-Extraction of tungsten”1 with TBP as a function of hydrochloric acid 
concentration in the aqueous phase. 

hydrochloric acid (equilibrium acidity 6-7M). More concentrated acid is not recom- 
mended because of trouble in manipulation, although the extraction is quanti- 
tative. 

TBP concentration 

The concentration of TBP was varied from 25% (0*914M) to 100% (3*66M) with 
benzene as diluent. The effect on the extraction was noted at different acid concen- 
trations (Table I). Dilution of the TBP lowers the extraction (Fig. 1). An attempt was 
made to determine the composition of the extractable tungsten-TBP species by means 
of a log D US. log CTsp plot .’ For the plot at 9M hydrochloric acid (to obtain four 
points in all) an extra measurement was taken at a lower concentration of TBP, i.e., 
10% TBP (D = l-3). Below a TBP concentration of 10% the extraction is very poor 
and the accuracy of measurement unsatisfactory; no further experiments were there- 
fore attempted. The best lines through the points at 6 and 9M hydrochloric acid 
(Fig. 2) give slopes of l-77 and 2.33, respectively, showing that the extractable species 
is most probably WO,CI,*2TBP. This is analogous to other solvated species, e.g., 
HIFeCld.(TBP)J,l ZrClk2TBP,8 Th(N0&.2TBPg and VOC1,.2TBP,l at high acidity. 
The optimum reagent concentration is 100% (3.66&f). 

A study of the extraction with 100% TBP from 9M hydrochloric acid as a function 
of tungsten concentration shows that the optimum analytical range is from 50 to 
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log TBP cow.. % 

FIG. 2.-Distribution ratio as a function of TBP concentration. 

TABLE II.-EFFECT OF AMMONIUM CHLORIDE AND 

MAGNESIUM CHLolUDE AS SALTING-OUT AGENTS 

[376 pg of tungstenv1; 100% TBP] 

HCl, M 
Salting-out agent (initial) Distribution ratlo 

2M NH&l 1 0.21 
2 0.38 
3 1.34 
4 3.37 
5 5.25 
6 225 

4M NH@ 1 0.32 
2 0.56 
3 1.77 

1 M MgC1,.6H,O 2 0.46 
3 1.17 

470 pg of tungsten. For higher concentrations the relationship between percentage 
extraction and tungsten concentrations is not linear. 

Salting-out agent 

The presence of ammonium chloride in the aqueous phase serves to exert a 
salting-out effect leading to an increased extraction of tungsten”’ (Table II). Magne- 
sium chloride in the aqueous phase increases the extraction to the same extent as 
ammonium chloride. The partition coefficients at lower acidity are found to increase 
by several orders of magnitude. Under this condition TBP is less combined with acid 
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and so is more available for extraction. This occurs in conjunction with the salting-out 
function of chloride ion from the added salt. The extractant used was 100% TBP 
(3.66M). 

Diverse ions 

Nineteen representative ions were carried through the procedure and examined 
for interference. The tolerance limit for each, recorded in Table III, represents that 
concentration of the foreign ion in the presence of which tungstenvl can be extracted 
and determined spectrophotometrically within f 2%. It is interesting to note that 
chromiumu’ and nickel” (10 mg) are not extracted; iron’” (10 mg) is co-extracted 

“I with tungsten but does not interfere in the spectrophotometric determination; 
zirconium’“, manganese”, phosphate, borate, fluoride, EDTA (10 mg) and citrate, 

TABLE III.-EFFECT OF DIVERSE IONS 
[376 pg of tungsten”‘; 100% TBP] 

Foreign ion 

CuB+ (CuS0,.5HpO) 
Th*+ [Th(NO&.4H,O] 
zil+ (ZrOCl,) 
Ti4+ vi(SO&] 
vs+ (VOCl*) 
MoB+ [(NH&,Mo,00+4Hp0] 
LIB+ [UO~(NO&.6H~O] 
Crs+ [Cr,(SO&.18H,O] 
Mn*+ (MnS04.5HpO) 
Ni*+ (NiS0,.6H,O) 
COB+ (CoS01.7HBO) 
Fes+ (FeC1,.6H,O) 
Boas- (H,BO,) 
I$-tW~HPO,I 

EDTA (Disodium salt) 
Citrate (Citric acid) 
Acetate (Ammonium acetate) 
Tartrate (Tar&c acid) 

Tolerance limit to ion, 

% 

2 x 1o*c 
10’ 
lo” 

2.7 x 1080 
4 x lo*b 
4 x 1O’C 
5 x 10’ 

10” 
10’ 
104 
1080 
10’ 
l(r 
104 
10’ 
1W 
106 
106 
10” 

~1 Masked with hydrogen peroxide. 
b In presence of tartaric acid. 
c Foreign ion removed first. 

acetate, tartrate (1 g) do not interfere; thorium (1 mg) and uraniumvl (0.5 mg) can be 
tolerated; copper”, molybdenum”‘, cobalt”, titaniumrv and vanadiumV are co- 
extracted with tungsten and interfere but this can be eliminated by either their prelimi- 
nary removal or by using suitable masking agents. 

CoppeP and cobalt” are first removed by extracting with 0*15M TTA in ben- 
zenelO*ll at pH 4.5 and 6, respectively. The aqueous phase, after evaporation to small 
volume, is extracted from 9M hydrochloric acid as usual for tungsten. 

MolybdenumV1 is extracted with 0~15M TTA in acetophenone from 0.5M hydro- 
chloric acid.4 Tungstenvl remains in the aqueous phase which is then extracted with 
TBP. 

It has already been shown1 that tartaric acid reduces vanadiumV to vanadium’” 
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and prevents its extraction with TBP. In order to remove the interference from 
vanadium” 1 g of tartaric acid was used in the aqueous phase (vanadium0 = O-4 mg) 
during the extraction. TitaniumIv in 9M hydrochloric acid was masked with hydro- 
gen peroxide (5 ml) and tungsten extracted with TBP. 

APPLICATION TO AN ALLOY STEEL 

A known weight (0.1 g) of alloy steel (No. 64a, Bureau of Analysed Samples, Ltd., Newham Hall, 
Yorks.. U.K.) was dissolved in 9 ml of concentrated sulohuric acid and 50 ml of water. After the 
initial reaction was over, the solution was heated, oxidised carefully with 5 ml of nitric acid and 
evaporated to fumes. Finally, it was diluted with 80 ml of water, boiled to dissolve the salts, filtered 
to remove silica and washed with 1% sulphuric acid. The filtrate was evaporated to about 25 ml, 
then diluted to 100 ml in a loo-ml volumetric flask with water. A 4-ml aliquot of this solution was 
taken in a 250-ml separatory funnel, 0.5 g of tartaric acid added to remove interference from vanadium, 
followed by 10 ml of 9M hydrochloric acid. 
100 % TBP. Molybdenumvr, tungstenvl 

The solution was extracted twice with 12-ml portions of 
and ironIf were extracted. From the combined extracts, 

iron, molybdenum and tungsten were stripped with three lO-ml portions of water. The aqueous 
phase was evaporated to a small volume (about 2 ml) and transferred to a separatory funnel together 
with 10 ml of 0.5M hydrochloric acid plus 10 ml of 0.15M TTA in acetophenone’ and extracted for 
10 min. Molybdenum and some iron were extracted. The aqueous phase containing tungstenvi and 
iron”’ was transferred to a 25-ml volumetric flask and tungsten was determined as outlined before. 

The results from triplicate analysis of this alloy steel were 5.55, 5.60 and 5.54 % of tungsten (re- 
ported present: 5.66 % of tungsten, 4.11% of molybdenum). 

Zusammenfassung-Eine neue Methode zur schnellen Extraktion von 
Wolframvr mit Tributylphosphat (TBP) wurde entwickelt. Aus 8-1Om 
Salzslure ist die Extraktion mit 100% TBP quantitativ. Wolfram 
wird zuletzt als Rhodanid spektralphotometrisch bestimmt. Die 
extrahierte Spezies ist hochstwahrscheinlich WOaCle.2TBP. Es gibt 
nur wenige Stiirungen. Die Methode 1113t sich auf legierte Stlhle 
anwenden. 

RCsum&-Description dune methode d’extraction rapide du tungstene 
VI oar le tributvlohosnhate-TBP. L’extraction auantitative est effec- 
tu& par l’acide &orhydrique 8 a lOM, en utilisa& 100% de TBP. Le 
tungstene est finalement dose spectrophotometriquement sous forme 
de thiocyanate. Le produit extractible est probablement form& en 
grande partie de WO,C1,.2TBP. 11 y a t&s peu d’interferences. Appli- 
cation de la methode aux alliages d’acier. 
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Summary-In the determination of traces of uranium using 1-(2- 
pyridylazo)-2-naphthol (PAN), solvent extraction of the complex is 
replaced by the separation of the insoluble complex from homogeneous 
solution. This is followed by hydrolysis to give free PAN equivalent 
to the uranium present. An increase in sensitivity of almost 50% 
results, and the conditions for complex formation require less stringent 
control. A general method for the determination of uranium in 
impure liquors is described. Reversed-phase partition chromatography 
is used for the initial separation of uranium, followed by the use of 
complexing agents to prevent interference from any residual ions. 
The method is simple and rapid, and the precision compares favourably 
with other methods using PAN. 

INTRODUCTION 

THE use of 1-(2-pyridylazo)-2-naphthol (PAN) as a reagent for the determination of 
traces of uranium has been described by Cheng,l and this work has been extended by 
Shibata.2 Cheng reports that the complex with uranium, formed under conditions of 
controlled pH in the presence of EDTA and cyanide ion to complex other cations, 
can be selectively extracted into o- or m-dichlorobenzene or bromobenzene and the 
absorption measured at 570 mp. He gives the molar absorptivity as 23,000. Shibata’s 
extension of the procedure permits the use of other solvents, such as chloroform and 
carbon tetrachloride, which Cheng had found unsuitable under the conditions of his 
work. 

In attempting to adapt the procedure to the analysis of impure uranyl liquors some 
difficulty was experienced in achieving consistent behaviour. The reagent is largely 
precipitated in the aqueous medium prescribed, and it was considered possible that 
the heterogeneous reaction of uranyl ion and solid reagent in suspension could be a 
factor contributing to the difficulty. 

The reagent PAN is readily soluble in a mixture of equal volumes of water and 
acetone and at approximately pH 9 the presence of a few ,ug of uranium results in 
the formation of an insoluble red compound. This precipitate can be separated 
quantitatively by filtration on asbestos fibre and washed free from excess PAN. If 
precipitation of the uranium complex is reproducible and a suitable solvent is available 
to dissolve the complex from the filter, an alternative procedure emerges. This 
avoids heterogeneous reaction conditions and enables the optical density of the 
solution of the uranium complex to be measured without interference from the excess 
PAN. 

The non-specific nature of PAN as a reagent leads to interference in the determina- 
tion of uranium by other metal ions. This effect can be overcome by the use of 
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complexing agents, but where gross amounts of impurity are present a separation 
of the uranium is essential. A combination of a selective separation procedure, such 
as reversed-phase partition Ghromato~aphy (RPPCj3 with the use of complexing 
agents, can then be employed to obtain complete freedom from interference, 

Reagents6 
EXPERIMENTAL 

Ali reagents are of analytical-grade quality unks otherwise stated. 
l_t~oI: SuppEed by L. Light C Co., Ltd., England; @I y0 w/v solution in 

As~st~s~re: FORGO Grade A long &bre supplied by Hopkins and Wiiliams Lid., England. 
Kel-Fpowder: Grade Kel-F 300 low density, supplied by the Mmnesota Mining & Manufacturing 

Co., Ltd,, England. Grind to powder with Drrkold and liquid nitrogen, Retain the fraction B.S.S.44 
to B.S.S.120 for use in preparmg the column. 

Tribatylphosphate (TBP): Purify the commercial product by refluxing with 05% w/v aqueous 
sodium hydroxide solution. Wash with cold 5X w/v aqueous sodium hydroxide solution until free 
from di- or monobutyl phosphate. To test this, ne&ra& a portion of t6e wash liquid to litmus with 
nitric acid and add a neutral solution of thorium nitrate. The formation of a precipitate indicates 
that di- andfor monobutyl phosphate is present and washing must be continued. 

Ammonium acetate-nqueous ammonia St&r solution: Dissolve 60g of ammonium acetate in 
450 ml of cold water. Add aqueous ammonia solution to raise the pH to 95. Adjust the volume 
to 500 ml with cold water. 

EDXA-ammonium tartrate compiexing s&ion: Dissolve 75 g of tartaric acid in 200 ml of cold 
water. Neutralise to pH 90 with aqueous ammonia solution. 
salt) in 250 mi of water and mix with the tartrate solution. 

Drssolve 18-75 g of EDTA (disodium 
Adjust the vohtme to 500 ml with cold 

water. 

Apparatus0 

Preparation of asbestusjbreJ(Jlter. The filter tube is shown in Fig. 1. Hold the perforated porcelain 
button in position and add a small quantity of a thin aqueous slurry of asbestos fibre to the tube. 
Apply gentle suction and press lightly with the Aattened end of a glass rod to form a uniform pad 
about 3 mm deep. Un removing the suction, water should pass through the fitter at l-2 mlfmin: 
f%ers with faster rates should be rejected. 
with water until free from acid. 

Wash the pad with $0 ml of hydr~hlo~c acid and finally 

Shortly before use. wash twice with S-ml portions of water-acetone solution (1 -i_ 1). The pad 
may be used repeatedly if it is tamped lightly with the flattened end of a glass rod before re-use. 

Preianrrrtion of the KeEF c&mm The column tube is shown in Fig. 2. Fill the tube with water 
and p&ss a small piece of cotton wool lightly into the junction with th; side tube. Make a shury of 
5 g of KelwF powder with 5 ml of TBP, set aside for 5 min, then add sticient water to make a loose 
slurry. Transfer a small uortion of this to the co1un-m tube and a&ate with a glass rod to remove 
adhe&?nt air bubbles. Ahow the Kel-F to settie under gravity w&e passing a”~nstant stream of 
coid water through the tube. Repeat the addition of Kel-F several times until the tube is filfed to 
within 1 cm of the reservoir. Insert a cotton wool plug to give a depth of about 1 cm. The rate of 
elution from the column should be 1.5-2 ml/mm and visual inspection should reveal no voids. 

Shortly before use, condition the column by passing 25 ml of nitric acid solution (7 + 13) through 
it. When not required further, wash the column with water until free from nitric acid, then close the 
outlet tube. HaBfiB the reservoir with cold water and cover with a watch glass to restrict evaporation, 

The fife of the cohrmn is about 15-20 separations before repacking is required. 
~~ctrop~t~mete$. Al2 absorption spectra and optical densities were measured using a Unicam 

S.P.600 spectrophotometer, 

Dissolution ofPAN-uranium complex foHow&g separation on an asbestosBiter 

Precipitates of the PAN-uranium complex, containing 40 pg of uranium, were formed in a water- 
acetone (f + 1) medium buffered to approximately pH 9. The precipitates were separated by filtra- 
tion on asbesios-fibre ftfters and washed with water--one solution (I -I- 1) to remove excess PAN. 
The residues were extracted by washing with a variety of organic solvents. When soiveuts immiscible 
in water were used, the filter and precipitate was first washed with methanol. Methanol, distilled 
methylated spirit and carbon tetrachloride had no apparent effect, Acetone, chloroform, dichloro- 
benzene and trichlorethylene all dissolved the complex in varying degrees, giving red solutions, but 
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FIG. 1 .-Tube for asbestos fibre 
filter. (Half scale) 
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in each case an insoluble pink residue remained on the filter. Tetrahydroxysylvan gave a yellow- 
brown extract with a dark residual colour on the filter, which on drying showed a pink hue. Similar 
results were obtained when the complex was formed in a water-methanol medium. 

Strong hydrochloric acid dissolved the PAN-u~~~ precipitates quickly and completely to give 
a yellow solution. This colour was considered to be that of free PAN resulting from the hydrolysis 
of the PAN-uranium complex, the optical density of which was found to be proportional to the 
uranium content of the precipitate. The stability of the PAN colour in hydrochloric acid solution 
appeared to be adequate and warranted further study of this method for determining the amount of 
PAN-uranium complex formed. 

Absorptiometry 

Visible absorFtio~ spectra. The visible absorption spectra of solutions of PAN and of PAN- 
uranium complex in 20% v/v hydrochloric acid solution were identical, both having an absorption 

0 I I 
350 400 450 500 

FIG. 3.-Visible absorption spectra of solutions of PAN-uranium complex and of PAN 
reagent in hydrochloric acid (1 + 4): 

o-25 ,~g of uranium as hydrolysed PAN-uranium complex, 
x -60 ,ug of PAN. 

maximum at 44Om,~ (Fig, 3). Dissolution of the PAN-~~i~ wmplex in 20% v/v hydrochloric 
acid therefore results in complete hy~olysis to the free reagent. 

Effect of hydrochloric acid concentration. Aliquots of a solution of PAN-uranium complex in 
hydrochloric acid solution were diluted to standard volume with hydrochloric acid solutions of 
differing concentrations and the optical densities measured at 440 nip. The optical densities were 
identical within experimental error over a range of concentrations of hydrochloric acid of 5_4o%,v/v. 
At higher concentrations, acid fumes make measurements in the spectrophotometer difficult. In 
succeeding work, all optical densities were measured in 20% v/v hydrochloric acid solution unless 
otherwise stated. 

Stability of the coiow. To test the stability of the solution resulting from dissolution of the PAN- 
uranium complex in hydrochloric acid, precipitates were formed from varying known quantities of 
uranium, separated by filtration on asbestos fibre and dissolved in strong hydrochloric acid. The 
solutions were diluted to standard volume with water, and the optical densities measured at 440 m,u 
at timed intervals after this dilution. The results are shown in Table I. 

The decrease in optical density with time is slow and less than a 1% error results if measurements 
are made within 1 hr of the dissolution of the precipitate. 

Formation o~PA~-cranium complex 

Solution conditions. PAN-uranium precipitates were formed, using 50 pg of uranium in water- 
acetone solution (1 + 1) containing ammonium acetate, by adding dilute ammonia solution until a 
desired pH value was obtained. The precipitates were separated by filtration on asbestos fibre, 
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TABLE I-STABILITY OF THE COU~UR RE.WLTINO FROM THE 
HYDROLYSIS OF THE PAN-URANIUM COMPLEX 

Time, Optical density 

hr 
O&U 1oPgu 25!JgD 4OpgD 

0 0.013 0.203 0592 1.005 
1 0.013 0.202 0.581 0.990 
25 0.010 0.196 0.573 0.975 
6 0.010 0.196 0.565 0.955 

72 0.005 0.155 0.425 0.717 

dissolved in hydrochloric acid and the optical densities measured at 440 rnp. The results are shown 
in Table II. 

It is necessary to adjust the solution to at least pH 8 in order to achieve maximum precipitation 
of the PAN-uranium complex. Over the range pH 8 to pH 10 there is no further effect. Chengl 
states that in an aqueous medium containing EDTA no significant complex between uranium and 
the dye is formed below pH 5 and above pH 12. His conditions give maximum complex formation 
at pH 10 and this is critical, the extent of complex formation falling rapidly above and below this 
value. The use of an acetone-water medium therefore results in a shift to higher pH for complex 
formation, but requires much less stringent control. An ammonium acetate-aqueous ammonia 
buffer adjusted to pH 9.5 was found to give adequate control. 

Time required for complex formation. The time taken to complete the reaction between uranium 
and PAN at room temperature, was measured. The reagents were added to a series of solutions 
which were then set aside for various time intervals before separation of the complex by filtration. 
No significant difference in optical density of the final solutions was observed for reaction times in 
the range 5 to 20 min. The experiment was duplicated at both 40- and lOO-pg levels of uranium. 

Effect of other ions and limiting of interferences 

Cheng and Bray4 reported that a number of metal ions form coloured chelates and that some of 
these may be extracted into organic solvents. They also state that EDTA prevents all of the metal 
ions tested, from reacting with PAN. 

A series of experiments was carried out taking 40 ,og of uranium, an equal amount of each of 
12 other metal ions, and a lower PAN concentration (1 mg), the object of the diminished PAN 
concentration being to emphasise any interference effects. 

These experiments showed that :- 
(a) Magnesium and molybdenum are virtually without effect. 
(b) Iron, in the bivalent and tervalent states, and nickel form insoluble complexes with PAN and 

therefore interfere in the determination of uranium. 
(c) Copper, lead, chromium, zirconium, thorium, manganese and vanadium capture PAN to the 

exclusion of uranium, or otherwise affect the precipitation of the PAN-uranium complex 
forming complexes which are soluble in the buffered acetone-water medium. 

Further experiments, using EDTA at the maximum concentration which could be tolerated 
without affecting the determination of 40 pg of uranium (in the absence of other metal ions), showed 
that EDTA was not entirely effective in preventing interference from manganese, vanadium, copper, 
chromium and zirconium. Tartaric acid used together with EDTA eliminated these interferences to 
a large extent. In conjunction with the full concentration of PAN contemplated (lOmg), up to 
190 mg of EDTA or 60 mg of tartaric acid could be tolerated without reducing the recovery of 40 ,ug 
of uranium. In admixture the maximum concentrations tolerable were 93 mg of EDTA and 37 mg 
of tartaric acid. These were reduced to 75 mg and 30 mg, respectively, to allow a margin of safety. 

TABLE II 

PH Optical density 

6 0,031 
7 0069 
8 1.21 

1.16 
1.12 
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Determinations of 40-pg quantities of uranium in the presence of other metal ions using the mixed 
complexing reagent and 10 mg of PAN are shown in Table III. 

A similar experiment was undertaken to show the effect of some anions. The results are shown in 
Table IV. 

TABLE III-EFFacr OF OTHER MBTAL IO= ON THE 
DETERhnNATrON OF 40 ,Ug OF URANIUM 

Metal ion 

Pb 
CU 
MO 
Al 
Pert 

Th 
V 
Cr 
Zr 

Mn 
Mg 
Ni 
Fe”’ 

Quantity, rug 

1000 
xooo 
1000 
3000 
1000 

760 500 
1000 
1000 
500 
500 

300 150 
1000 
1000 
1000 
1000 

Uranium found, 

M 

41 
43 

:; 
90 

:: 
41 
41 
39 
34 

338 
40 
41 
41 
41 

TABLEIV-Emm OF SULPHATE,~UO~E AND 
PHOSPHATBIONON THFiDETERMINATION OF loo@ 

OFURANIUM 

Anion Quantity~ pz 
Uranium found, 

i% 

SO4 10,000 
100,000 

F 100 
1,000 

10,000 
PO, 100 

l;% 

99 
99 

100 

;: 
99 
82 

NIL 

Calibration procedure for the spectrophotometeP 

Evaporate to dryness aliquots of a standard uranium nitrate solution (1 ml = 40 pg of uranium) 
covering the range 0200 pg of uranium. Dissolve each residue in 3 ml of hydrochloric acid solution 
(1 + 49). Add, with stirring, 2 ml of EDTA-tartrate solution followed by 10 ml of PAN solution 
and 5 ml of buffer solution in that order. Set aside for 20-25 min at room temperature, then separate 
the precipitate by filtration on an asbestos fibre filter. Wash the beaker five times with S-ml portions 
of water-acetone solution (1 + l), using each wash to rinse down the tube supporting the filter and 
allowing each portion to drain through the filter before adding the next. Wash the outside of the 
filter tube stem to remove crystallised reagent. Finally, wash the beaker and filter with two 5-ml 
portions of water and allow to drain completely. Dissolve the precipitate from the filter by adding 
10 ml of hydrochloric acid (sp. gr. l-18) in portions, followed by smaI1 portions of water, using about 
15 m1 in all. Collect the eluate in a graduated cylinder containing about 20 ml of water and flnally 
adjust the volume to 50 ml. Measure the optical density of each solution using a 2-cm cell at 440 rnp 
and correct for the reagent blank value. 

Fig. 4 shows a typical calibration curve over a range of 20-175 pg of uranium. 
The calibration curve was studied in more detail below 20 pg of uranium, employing standard 
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conditions, but a reduced final volume and increased light path to enhance the sensitivity of the 
measurements. The results are shown in Fig. 5. 

The non-linear behaviour below 18 ,q of uranium may result either from a kinetic effect or a 
solubility effect. The latter is unlikely because the normal calibration curve from 20 pg of uranium up- 
wards passes through the origin. 

L 

0 50 100 I50 200 

Uranium/SO ml, pg 
FIG. 4.-Calibration of Unicam SP 600 spectrophotometer for the determination of uranium. 
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FIG. 5.-Calibration for O-20 pg of uranium (lO-ml volume; 4-cm cell; 440 mp): 
C-+-Calibration between 20 and 175 pg of uranium (see Fig. 4); 
+tCalibration for O-16 pg of uranium using stated conditions. 

The deviation from linearity confines the lower limit of the method to 20 ,ug of uranium for normal 
operation and will cause some error in reagent blank determinations when these fall in the range 
4-16 rg of uranium. Because a reagent blank was, however, subtracted from the optical density 
values used in constructing Fig. 4 and this curve passes through the origin, the effect is apparently 
not significant. Several more calibrations failed to reveal any effect. 

Application of procedure to impure liquors6 

Procedure. Evaporate a suitable volume of the sample to dryness with a mixture of 1 ml each of 
nitric and perchloric acids. Dissolve the residue in 5 ml of nitric acid solution (7 + 13) and transfer 
this solution to a prepared Kel-F tributyl phosphate column. Elute at not more than 2 ml/min. 
Wash the beaker with four 5-ml portions of nitric acid solution (7 + 13), adding each portion to 
the column and allowing it to elute at the specified rate before adding the next. Reject the eluate. 
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I 
0 5 IO I5 

FIG. 6.-Mole ratio of uranium to PAN (separation of uranium 
using 400 x lo-* mmole of PAN). 

TABLE V-DETERMINATION OF URANIUM IN JMPURE LIQUORS 

Recovery 
of 50 #ug of 

Uranium uranium Uranium by 
Vol. Aliquot found, added to alternative 

Sample taken, after &ml sample, method, Alternative 
no. ml RPPC (PAN) % K%+rl method used 

1 150 - 0.1 112 0.2 Ether extn./H,Oz colouP 
2 250 - 0.29 108 0.29 Ether exm./HaOa colotY 
3 25 - 2.6 98 2.5 Ether extn./H,O, colouti 
4 100 - 0.30 100 0.30 Fluorimetry 
5 25 - 3.0 106 2.5 Ether extn./H,Oe colould 

1 
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85 Ether extn./H,Oe colould 

10 Ether extn./H,O)e c010uP 

36 Ether extn./H,O, colould 

TBP extn./thioglycollate 
colour 
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z 
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Wash the column with 20 ml of cold water added in two equal portions. Collect the eluate in a 
50-ml beaker. Aliquoting may be undertaken at this stage. Evaporate to dryness and continue as 
described in the procedure for calibration. Carry out a reagent blank determination as above, 
omitting the sample. 

Results on impure sample liquors. The above procedure was applied to a representative selection 
of samples of impure uranic liquors in which the uranium had been determined by alternative methods. 
The results are shown in Table V in which the aliquoting of samples after the RPPC separation is 
indicated 

In sample No. 10 a clear yellow band formed at the top of the Kel-F column and was ultimately 
eluted in the water wash with the uranium. The wlour was found to be from ceriumIv ion. Because 
the tolerance of cerium in the PAN determination is not more than 100 /.~g, 100 mg of sodium nitrite 
were added to the nitric acid solution of the sample before transferring to the Kel-F column. This 
served to reduce the cerium to the tervalent state in which it was no longer retained on the column. 

Precision test 
A number of equal volumes of two samples of impure liquor containing 65-75 pg of uranium 

were analysed by the procedure given. The results of 19 determinations gave a standard deviation of 
50.96 pg of uranium. 

Mole ratio of uranium to PAN in complex and the sensitivity of procedure 
The mole ratio of uranium to PAN was determined by making a series of precipitations of the 

complex from a constant concentration of PAN with varying quantities of uranyl ion. The precipi- 
tated complex was then treated as described in the calibration procedure. The results, shown in 
Fig. 6, indicate a mole ratio of uranium: PAN of 1.0:2.0. 

The calibration data shown in Fig. 4 give a molar extinction coeficient of 33,000. 

DISCUSSION 

In the procedures of Cheng and Shibata the PAN reagent is virtually insoluble in 
the test solution. This leads to heterogeneous reaction conditions during the formation 

of the PAN-uranium complex in which the concentration of reagent in solution is 
very low. Possibly as a result of this, these procedures are extremely sensitive to pH 

change. 
Working in a mixed aqueous/organic solvent, homogeneous reaction conditions 

apply, and it was found that the PAN-uranium complex forms over a wide pH range, 
the complex being insoluble. This leads to the possibility of either solvent extraction 
of the complex or separation followed by dissolution, before colour measurement. 

Our experience with the PAN-uranium complex has shown that its solution properties 
in the usual solvents recommended are rather unpredictable. For this reason, separa- 
tion of the insoluble PAN-uranium complex, followed by hydrolysis to give free 
PAN equivalent to the uranium, has been used. This gives a molar extinction coefficient 
of 33,000, an increase in sensitivity of almost 50% over procedures based on solvent 
extraction of the complex (23,000 and 21,000 by the procedures described by Cheng 
and Shibata, respectively). 

Using the homogeneous reaction conditions a PAN-uranium complex in the molar 
ratio 2: 1 is formed; this is the same as reported by Cheng. The complex is very 
insoluble, although a possible solubility effect can be detected at concentrations 
below 4 x 10w6M uranium. This is, however, insufficient to give rise to any significant 
effect over the normal working range of the method (20-180 rug of uranium). Com- 
plexing agents can be tolerated in moderate amounts during the PAN-uranium 
complex formation but, as with other methods using this reagent, there is some 
competition for the uranium and a fairly high concentration of reagent must be 
employed to offset this effect. 

In applying the procedure as a general method for the determination of uranium, 
reversed phase partition chormatography (RPPC) has been used to effect an initial 
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separation of the uranium from other metal ions. An EDTA-tartrate complex@ 
medium is then used to eliminate any possible interference from traces of impurity 
which pass the initial separation stage. Under the conditions used for the RPPC!, 
thorium, cerium’v and zirconium will be eluted from the column together with the 
uranium. The amount of these which can be tolerated in the sample solution is 
therefore limited to that which is effectively complexed, namely, 1000, 100 and 
150 pg, respectively. Interference from ceriumrV 
ceriumrrl with nitrite before RPPC. 

is readily removed by reduction to 

Omitting the RPPC stage it was found that 100 mg of sulphate, 1 mg of fluoride 
and 100 pg of phosphate could be tolerated in the determination of 100 pg of uranium. 

The method is applicable to a wide range of impure sample liquors, and is easy 
and relatively economical to operate. Although the sensitivity is 50% higher than 
other methods using this reagent, the precision, measured on impure samples, 
compares very favourably. No evidence of bias has been obtained over the normal 
working range of the method. 

Acknowledgement-The authors thank Dr. J. M. Hill, Managing Director, Production Group, 
U.K.A.E.A., for permission to publish this paper. 

Zusammenfussung-Fki der Bestimmung von Uranspuren mit l-(2- 
Pyridylazo)-2-naphthol (PAN) wird die Extraktion des Komplexes 
durch Abtrennung des unliislichen Komplexes aus homogener L&sung 
ersetzt. Die ~s~hlie~nde Hydrotyse *liefert eine der- anwesenden 
Uranmenee liauivalente Menee PAN. Die Emofindlichkeit steiet urn 
fast 5O%“und die Bedingun~en fur die Komplexbildung erf&dern 
nicht mehr die selbe genaue Kontrolle. Eine allgemein anwendbare 
Methode zur Bestimmung von Uran in verunreinigten Fltissigkeiten 
wird beschrieben. Die erste Abtrennung von Wran erfolgt durch 
Verteilungschromatographie mit umgekehrten Phasen, anschliet3end 
werden Komplexbi~dner zugesetzt, urn Stbrungen durch andere fonen 
zu vermeiden. Die Methode ist einfach, geht schnell, und ihre 
Genauigkeit ist mit anderen Methoden vergteichbar, die PAN ver- 
werden. 

R&u&---Dans le dosage des traces d’uranium au moyen du (pyridil-2- 
azo)-I-naphtol-2 (P.A.N.), le solvant d’extraction du compiexe est 
remplace par la separation du complexe insoluble dans la solution 
homogene. La separation est suivie d’une hydroIy~ redonnant le 
P.A.N. equivalent a l’uranium present. Une au~en~tion dam la 
sensibilite de presque 50% des rtSsultats et les conditions de formation 
du complexe nixessitent un controle moins rigoureux. Description 
d’une methode g&r&ale pour Ie dosage de l’uranium dans les solutions 
non pures; une chromatographie de partage par inversion de phase 
est utilid pour une premiere separation de l’uranium; on traite par 
tm agent complexant pour eviter les interferences dues aux ions 
msiduels. Cette methode est simple, rapide et la precision est com- 
parable ?I celle que f‘on obtient avec fes autres methodes utilisant le 
P.A.N. 
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Summary-Cationi~sensitive glass electrodes are used to study the 
weak complex formed by sodium ion and malic acid in aqueous 
media. The best value of 1.1 rt 0.3 for the calculated formation 
constant agrees well with literature values. Methods of measurements 
and calculation are described and evaluated. 

INTRODUCTION 

SINCE the recent commercial introduction of cationic-sensitive glass electrodes, a 
number of useful applications of these electrodes to analytical problems have been 
rep0rted.l Palaty2 has suggested that such electrodes might also be valuable in the 
study of complex equilibria, and particularly in the evaluation of formation constants 
for the alkali metal chelates. Attempts to extend this technique to the study of weak 
complexes of the alkali metal cations in aqueous solution are reported here. 

The sodium-malate system was chosen for consideration because it has recently 
been studied by neutralisations and nuclear magnetic resonance methods.4 A value 
of 2-O f O-3 for the formation constant of the 1: 1 sodium-malate complex was 
reported. Because of certain assumptions concerning the effect of ionic strength and 
the dissociation of malic acid, however, the absolute value of this constant is probably 
meaningful only for the specific solution conditions for which the formation of the 
complex was studied. The principal attractiveness of the cation&sensitive glass 
electrode is, in fact, that such restrictive assumptions might be avoided by direct 
measurements of alkali metal activities. 

EXPERIMENTAL 
All potentiometric measurements were made using a Beckman Model 76 pH meter on the expanded 

scale. The Beckman 78137V cation&sensitive glass electrode and the 39170 fibre-iunction calomel 
reference electrode were employed. In a few cases, a salt bridge containing a p&ion of the test 
solution was used, to eliminate the minute leakage of potassium chloride from the reference electrode. 
During the potentiometric measurements, the temperature was maintained at 30.0” f 0.1” in the 
sample vessel by means of a circulating thermostat. Solutions were prepared from reagent-grade 
chemicals without further puritication. 

Because the cationic-sensitive glass electrode responds to hydrogen ion, and to ensure complete 
dissociation of the malic acid, it was desirable to work in alkaline media. Below pH 5, the potential 
developed by the electrode has been found to be a function of both hydrogen ion concentration and 
the concentrations of other univalent cations.’ As a general rule, the hydrogen ion concentration 
should be 10s times less than the concentration of univalent cation under investigation. Tris- 
(hydro~ethyl)aminomethane was found to be an excellent reagent for pH control. 
ionic strength was controlled with tetramethylammonium chloride. 

When necessary, 

* Present address: Department of Chemistry, St. Peter’s College, Jersey City, N.J., U.S.A. 
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Preconditioning of the glass electrode is essential if reproducible potentials are to be obtained. 
The electrodes employed here were soaked for a minimum of 48 hr in neutral O.lM sodium chloride 
solutions. To avoid transfer of interfering species to the sample, the electrode may be rinsed with 
portions of the test solution before measurement, but wiping or drying of the electrode leads to 
erratic potentials. 

RESULTS AND DTSCUSSION 
General considerations 

A serious limitation to the determination of formation constants by a direct 
potentiometric measurement arises at once out of the logarithmic relationship between 
potential and concentration. Because of the nature of this relationship, an error of 
only 2 mv corresponds to an apparent relative concentration error of about 8.5%. 
This is particularly serious in the study of weak complexes where the formation of a 
1: 1 complex with K = 2 results only in a 14% decrease in metal ion concentration 

TABLE I.-EFFECT OF IONIC STRENGTH ON POTENTIAL 

Ionic strength Potential 
Solution (Adjusted with Mg SO4) vs. S.C.E., mu 

____- ______- -____-__ 
O.lM NaCl 0.1 152.0 

0.3 149.2 
0.5 147.9 
2.1 146.2 

O.OlMNaCl 0.05 92.3 
0.21 89.2 

if the total concentrations of metal ion and ligand are both O*lM initially. Unfor- 
tunately, errors of 1 or 2 mv are still to be expected when working with these 
electrodes. In principle, at least, this problem could be minimised by working with 
high concentrations of the complexing species, but, apart from solubility considera- 
tions, changes in ionic strength and activity coefficient more than nullify any gain in 
relative measuring accuracy. Table I shows the pronounced effect of ionic strength 
on the measured potential in sodium chloride solutions. 

Methods of attack 

All potentiometric methods of determining stability constants are based on the 
Nernst equation and the mass action laws, but three specific procedures have been 
employed here : 

(1) Titration method: A plot of glass electrode potential VS. log sodium ion 
concentration is prepared as a calibration curve in the absence of complexing ligand. 
A known initial concentration of sodium chloride is then titrated with a standard 
solution of the ligand, and a plot of potential US. log apparent concentration is 
prepared. With appropriate correction for dilution effects, the complex formation 
constant may then be calculated from the original metal ion concentration, the amount 
of complexing agent added, and the apparent decrease in metal ion concentration at 
each point along the titration curve. This method of calculating formation constants 
gives acceptable internal agreement for values calculated at different points along the 
titration curve, but yields considerable variation in values calculated from separate 
sets of experiments, probably because of “drifting” of the glass electrode potentials 
and changes in the slope of the calibration curve which accompany ageing of the 
electrode. 
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(2) Single-point-calibration method: The apparent formal potential is calculated 
uia the Nernst equation from measurements performed on standard solutions of 
metal ion in the absence of complexing agent. Using this apparent formal potential 
and the appropriate Nernst slope, the metal ion concentrations in the presence of 
complexing agent are then calculated directly from the Nernst equation. This method 
has the advantage over the titration technique of permitting rapid successive measure- 
ments on pairs of solutions-one containing a known concentration of metal ion and 
the other containing metal ion plus ligand in known initial concentrations. The 
time-de~ndent effects noted in the titration method can thus be largely eliminated. 
The necessity of assuming or calculating an appropriate Nernst slope still remains as 
a significant source of error, however, unless measurements are made on pairs of 
solutions nearly identical in effective metal ion concentration. 

(3) Emf-d@rence method: If it is assumed that in a series of solutions differing 
only slightly in total metal ion concentration but identical with regard to ligand 
con~ntration, pH, etc., the numerical values for the various terms of the Nernst 
equation remain unchanged, apart from the term in metal ion concentration, then we 
can write for any such pair of solutions: 

E, - E, = (slope) log 2 
8 

(1) 

Combining equation (1) with the mass action expression for a 1: 1 complex, one can 
derive : 

E, - E, = (slope) log 

where K is the formation constant of the complex and C$+ and Ci_,, denote initial 
concentrations of metal ion and ligand, respectively. Because all initial concentrations 
are known, equation (2) can be solved for K using the difference of the potentials 
determined in rapid succession on two similar solutions. This method has the advan- 
tage of not requiring a knowledge of the formal potentials involved, and circumvents 
the difficulties resulting from changes in activity coefficients with drastic alteration in 
solution composition. The major disadvantage of the method is its relative insensi- 
tivity to small changes in I% 

A s~mary of the results obtained using the single-point-calibration and emf- 
difference methods is given in Table II. 

It is immediately apparent that the emf-difference method yields values most nearly 
corresponding to the formation constants previously reported,3*4 while the results 
obtained by the single-point-calibration method are difficult to interpret because of 
experimental variations. The relatively large variation in calculated values is not 
su~rising, however, when one considers that an emf change of only 0.6 mv will 
change the calculated formation constant from 0.8 to 1.0 in a typical experiment. 
That pick-up of carbon dioxide from the atmosphere by the alkaline test solution 
cannot be of significance here is seen from the similarity of results obtained in runs 
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System 

NaOH + 
malic acid 

Na,COo+ 
malic acid 

PH Emf, mu Nemst slope 

7.0 158.9 55 

7.0 154.7 55 
6.4 137.6 55 

8.49 178.0 57 8.50 182.0 57 
8.51 176.0 57 

7.7 83.3 55 
6.8 80.0 55 
8.9 85.6 55 
8.3 97.9 55 

Formation constant 

4.4 

46 
7.0 

Mean = 5.3 

1.0 0.8 
l-5 

Mean = 1.1 
5.3 
6.5 
7.7 
28 

Mean = 5.5 

Method 

(2) 

(2) 
(2) 

i’3; 

(3) 
(2) 
(2) 
(2) 
(2) 

using either sodium chloride and sodium carbonate as sources of metal ion. Variations 
in pH of the test solutions from 7 to 9.8 also produced no significant trends in calculated 
formation constants. Most of the observed uncertainties must, therefore, be attributed 
to limitations of the measuring techniques; work is currently in progress to improve 
these measurements by the use of null-balance potentiometry and will be described 
in a future report. 

Acknowledgement-The authors wish to acknowledge the financial aid of NIH grant GM-10086-02. 

Zusammenfassw-Kationenempfindliche Glaselektrode? werden zur 
Untersuchung des schwachen Komplexes aus Na+ und Apfelsiiure in 
wl&igen Medien verwendet. Der Bestwert von 1,l f 0,3 fiir die 
berechnete Bildungskonstante stimmt gut mit den Literaturwerten 
iiberein. MeI3- und Berechnungsmethoden werden beschrieben und 
bewertet. 

R&d--Les &ctrodes de verre sensibles aux cations sont utilis6es 
pour &udier les complexes peu stables form& par l’ion sodium et 
l’acide malique en milieu aqueux. La valeur la meilleure de la con- 
stante de formation (1,l * 0,3) dttermin&e par le calcul est en bon 
accord avec les valeurs indiqu6es dans la littbrature. Des m&hodes 
de mesure et de calcul sont d&rites et leur pr&ision &al&e. 
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Summary-p-Phenylenediamine is used in a K&&type reaction 
for the determination of trace amounts of cyanide in waters. With 
slight variation in procedure, the method is applicable over the 
range 0~005-100 ppm. 

THE present main methods for the determination of trace amounts of cyanide ion are 
based on the formation of a dyestuff by the reaction of cyanogen bromide1 or chloride2 
with an aromatic amine in the presence of pyridine hydrochloride. The fundamental 
reaction involved is that of the Kiinig synthesis3 of pyridine dyestuffs. A critical 
consideration of the amines capable of giving dyestuffs suitable for use in the colori- 
metric determination of cyanide,4 revealed that only three amines, p-aminodiphenyl- 
amine, benzidine and p-phenylenediamine, formed coloured compounds of any 
significance. Although benzidine is in use in the United Kingdom standard method 
(Aldridge method), the range of concentrations that may be determined on the rclw 
sample is very limited ; furthermore, benzidine itself is a well known and active 
carcinogen and its use is deprecated by many authorities. It is possible to extend the 
range of the Aldridge method by suitable modifications,5 but it is not possible to 
alter the physiological activity of benzidine. 

Of the two other amines, p-aminodiphenylamine and p-phenylenediamine, the 
latter compound is more suitable as the dyestuff precursor for the following reasons: 

1. It is easily soluble in dilute hydrochloric acid (0*5M), whereas p-aminodiphenyl- 
amine is fairly insoluble. (Prolonged boiling, cooling and filtering is required 
to produce even a 0.2% solution of p-aminodiphenylamine.). 

2. When stored in a dark bottle, a 0.2% solution of p-phenylenediamine in 0.5M 
hydrochloric acid is stable for at least 6 weeks without noticeable discoloration; 
p-aminodiphenylamine turns blue-purple in less than 1 day. 

3. The colour intensity of the pyridine dyestuff with p-phenylenediamine is much 
greater than that with p-aminodiphenylamine.4 

4. With regard to the physiological properties of the two amines, whilst neither 
has been reported as causing cancer of any type, p-phenylenediamine, being a 
simple mononuclear compound, is more likely to be non-carcinogenic than is 
p-aminodiphenylamine. 

* Part I: see reference 4. 
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Factors which may affect the formation of a coloured compound of the pyridine 
dyestuff type, the intensity of its absorbance and the optimum wavelength to be used 
in any determination, are: 

(i) The treatment of the raw sample before colour development; 
(ii) The concentration of the reagents used; 
(iii) The time allowed for colour development; 
(iv) The treatment of the solution after colour development; 
(v) The presence of interfering substances in the raw sample; 

A factor which is of great practical importance is the stability of the reagent. 

Treatment of Raw Sample and Colour Development 

The initial treatment involves acidification to liberate hydrocyanic acid; this then 
reacts with added bromine to give cyanogen bromide which is the active species in the 
Konig reaction. The acid used in all recommended procedures is glacial acetic acid. 
A standard volume of glacial acetic acid was used throughout our previous work,4 
dnd the possible effect of varying the amount of acid used was now investigated. 

Reagents 

p-Phenylenediamine solution. Dissolve 0.1 g of solid in 50 ml of 0.5M hydrochloric acid. 
Bromine water. Saturate cyanide-free water with liquid bromine. 
Arsenious acid solution. Reflux 2 g of arsenious oxide with 100 ml of cyanide-free water until 

solution is complete. 
Pyridine reagent. Add 3 ml of concentrated hydrochloric acid to a mixture of 18 ml of freshly 

distilled pyridine and 12 ml of cyanide-free water. 
Standard cyanide solutions. Prepared by suitable dilution, with cyanide-free water, of a stand- 

ardised stock solution.4 

Procedure 
To 4.0 ml of standard cyanide solution, 0.2 ml of bromine water and either 0.1, 0.2 or 0.6 ml 

of glacial acetic acid were added. The differences in volume were adjusted with cyanide-free water. 
To each solution 0.2 ml of arsenious acid solution was added; after mixing, the excess bromine 
vapour in the tube was removed by aeration. To this mixture were added 4 ml of freshly mixed 
pyridine reagent/p-phenylenediamine solution (3.0 ml of pyridine reagent + 1.0 ml of p-phenylene- 
diamine solution). The two amines are mixed immediately before use. They must not be added 
singIy because erratic and erroneous results are then obtained. 

After thorough mixing the spectra of these solutions were examined using a recording spectro- 
photometer to establish the best wavelength (isosbestic point) for measurement of the developed 
colour. This wavelength (515 rnp) was then used to measure the absorbances of the solution compared 
to water,* with a manually-operated instrument (see Table I). 

The effect of varying the amount of acetic acid used is very large. In our previous 
work regarding the Kbnig synthesis4 the effect of glacial acetic acid was minimised 
by dilution of the standard cyanogen bromide solutions and the use of an aliquot 
therefrom, i.e., 0.6 ml of glacial acetic acid was used for acidification of the slightly 
alkaline cyanide solutions before the formation of cyanogen bromide; then after 
arsenious acid solution addition, the volumes of the resultant solutions were adjusted 
to 50 ml. Aliquots of 1.0 or 5-O ml of these solutions were used, i.e., the equivalent 
amount of glacial acetic acid used was O-06 ml in a 5-ml aliquot. 

* Because we have been particularly concerned with the stability of the aromatic amine reagent 
employed, we have always preferred to measure absorbances against water of both samples and 
blanks. With p-phenylenediamine the absorbance of a sample may be measured directly against a 
blank, especially if the amine reagent is reasonably fresh. In the case of a large number of samples, 
however, the absorbance of the blank may change significantly by the time the final sample is measured 
against it. Under these conditions measurement of both samples and blank against water is 
recommended. 
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TABLE I 

Cyanide, Time after 

PPm mixing, min 

Absorbance (corrected for blank) 

Glacial acetic acid, ml 

0.1 0.2 0.6 

0.1 15 0.055 0.028 0.004 
40 0.055 0.028 0.004 

0.2 15 0.100 O+kSl 0011 
40 0.099 0.059 0.014 

0.3 15 0.148 0.088 0.013 
40 0.145 0.087 0.016 

0.4 15 0.191 0.114 0.015 
40 0.192 0.116 0018 

2.0 15 1.114 0.630 0.043 
40 1.066 0.590 0.040 

TABLE IIa 

Cyanide, 

PPm 

Absorbance (corrected for blank) 
Time after - 
mixing, min Acetic Bromine Hydrochloric Phosphoric 

acid water acid acid 

0.1 20 0.034 0.095 0100 0.052 
25 0033 0.098 0.101 0.052 
30 0031 0.098 0.101 0.052 
35 0.029 0.097 0100 0.050 
40 @028 0.097 0.099 0,050 

0.25 20 
25 
30 
35 
40 

0.082 0246 0.247 0.144 
0.077 0.254 0.255 0.142 
0.075 0.257 0255 0.142 
0.074 0.255 0.255 0.142 
0.071 0.253 0.255 0.142 

0.5 20 0.160 0.503 0.503 0.287 
25 0.154 0.511 0.510 0.285 
30 0.150 0.513 0.511 0.284 

0.146 0.510 0509 0.284 
0.142 0.509 0.509 0.282 

1.0 20 0.319 1.006 1.001 0.575 
25 0.309 1.030 1.020 0.573 
30 0.304 0.065 1.041 0.571 

0.300 1.080 1.050 0.569 
0.295 1,097 1.057 0.566 

5 All meaaorements at 515 m,u. 

Because the amount of acetic acid used altered the absorbance of the colour 
developed, it was decided to investigate the effect of other acids. The acids chosen 
were concentrated hydrochloric acid, phosphoric acid and the acidity from the 
addition of saturated bromine water alone. The results were compared with those 
obtained using acetic acid. Because slight variations in absorbances with time were 
noted in the work with glacial acetic acid, the absorbances were measured at various 
fixed time intervals under standard conditions. 

17 
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The procedure followed was as before, except that to the standard cyanide solution (4.0 ml) 
and bromine water (0.2 ml) one of the following was added: 

(a) 0.2 ml of glacial acetic acid, 
(b) 0.2 ml of cyanide-free water (acidity from bromine water alone), 
(c) 0.2 ml of concentrated hydrochloric acid (sp. gr. l*lS), 
(d) 0.2 ml of concentrated phosphoric acid (sp. gr. 1.75). 
Calibration curves obtained from these results (Table II) are shown in Fig. 1. 

The colour developed in the presence of all of the acids investigated obeys Beer’s 
Law. Hydrochloric acid does not alter the absorbance of the solution from that when 
acidified only with bromine water, but both acetic acid and phosphoric acid greatly 
decrease the absorbance at all times. 

Cyontde, pm 

FIG. l.-Absorbance with various acids (after 25 min; 515 m,~): 
-A-- water or concentrated hydrochloric acid, 
- x - phosphoric acid, 
-C- glacial acetic acid. 

In order to show the effectiveness of p-phenylenediamine compared to benzidine, 
which is at present accepted as the standard reagent for determination of cyanide, 
the two were compared under conditions employed with the standard reagent 
(Aldridge procedure), except that the sample solution was acidified with bromine 
water alone, with bromine water plus concentrated hydrochloric acid or with bromine 
water plus glacial acetic acid. 

The results are presented in Table 111; the curves obtained from (a) and (d) are 
shown in Fig. 2. On the same scale, the curves from (a), (b), (c) and (f) are coincident 
for much of the range. Thus, neither glacial acetic acid nor hydrochloric acid has any 
appreciable effect on the absorbances produced when using benzidine. In the presence 
of acetic acid, the absorbances developed with p-phenylenediamine and benzidine are 
similar. When using conditions where no decrease in absorbance of thep-phenylene- 
diamine colour occurs, this reagent gives a much greater absorbance than does the 
same concentration of benzidine. 

Because the type of acid used has a significant effect, the possible effects of varying 
amounts of reagents were investigated for both p-phenylenediamine and benzidine. 
Increasing the amount of bromine water from O-2 ml to 2-O ml had no effect. 

Using a IO-ml or a 5ml raw sample and equal amounts of the other reagents had 
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Absorbax@ after 30 min (corrected for blank) 
___- 

Cyanide, Benzidine p-Phenylenediamine 

PPm -____- 
Bromine Hydrochloric Acetic Bromine Hydrochloric Acetic 

water acid acid water acid acid 

0.1 0.011 0.011 0.014 0.018 0.018 0907 
0.2 0.027 0.028 0.030 0,090 OG!Xl 0.020 
0.5 0.067 0.065 0.072 0.280 0.281 0.063 
1.0 0.131 0.130 0.136 0.561 0.560 0.128 
1.5 0.182 0.180 0.185 0.840 0840 0.190 
2.0 0.237 0.240 0.247 1.160 1.162 0.251 

(4 (b) Cc) (4 6) m 
a 515 rnp for p-phenylenediamine, and at 522 rnp for benzidine;6 0.2% solutions of the two 

amines in 0.5M hydrochloric acid were used. 

Cyanide, PPm 

FIG. 2.-Absorbance obtained with 0.2 % w/v solutions of: 

(a) benzidine (522 mp), 
(c) p-phenylenediamine (515 m/A). 

no sign&ant effect. Less than a 0.4% difference in the absorbances of the two 
solutions was noted over a range of concentrations of cyanide. 

Treatment of Solution After Colour Development 

For samples containing cyanide at concentrations greater than 2.0 ppm, the 
procedure must be altered because the absorbance becomes so great as to make 
measurement by normal methods impracticable. In earlier work6 we have shown 
that the upper range of the Aldridge method using benzidine could be extended by a 
modification of the method of Baker et a1.,6 using aqueous alcohol to dilute the 
developed colour. The present method was investigated using a similar dilution 

technique. 
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To 2.0-ml samples containing 0.0, 05, 1.0, 4.0, 5-O and 10.0 ppm of cyanide in 25ml volumetric 
flasks, 20 ml of bromine water and @l ml of concentrated hydrochloric acid were added. After 
5min. ~~ ,0*4 ml of arsenious acid solution was added and 40 ml of freshly mixed pyridine/pphenylene- 
diamine. After 1 min, 5 ml of ethyl afcohol were added and cyanide-free water to make each volme 
25 ml. The best wavelength for movement was ascertained, then the absorbance of the solutions 
was measured in I-cm cells, compared to water, at this wavelength, using a manually operated 
spectrophotometer. 

The results are shown in Tables IV(a) and IV(b). The isobestic point for solutions 
processed by the above dilution technique was at 520 m,u. This shift of wavelength 
from 515 ~,LJ (isosbestic point for 2*0-, 4*0- or 5*0-ml sample is 515 rnp and for lo@-ml 
sample 512 rnp, both using the non-dilution techniques must be caused by a concentra- 
tion effect. 

TABLE IV(a).-Aasoms~cn OF REAGENT BLANK 
SOLrJrrON 

Time after Absorbance compared 
mixing, min with water 

20 0.018 
30 0.017 
40 0.018 
50 0.020 
60 0.020 

TABLE IV(b).-ALBANY OF DELETIONS CONTAINrNo CYANIDE 

Absorbance (Corrected for blank) 

- Time after 
mixing, min 

Cyanide, pptn 

0.5 1.0 4.0 5.0 10.0 
-~ -- 

20 0‘035 0.078 0,366 0.486 1~010 
30 0.034 0.077 O-365 O-485 1.005 
40 0.033 0.076 0.367 0.487 1.006 
50 0.033 0.075 0.363 0.482 0,999 
60 0.033 0.074 0.362 0.477 0.995 

The dilution procedure is fairly satisfactory when using ~-phe~yleue~a~ne 
solution as reagent but offers no advantage over dilution of the MW sample before the 
addition of bromine and amine. 

For samples containing trace amounts of cyanide and using benzidine as the dye 
precursor, Nusbaum and Skupeko’ extended the lower range of the Aldridge method 
by extracting the pyridine dyestuff into n-butanol. The procedure of Nusbaum and 
Skupeko was followed, except that p-phenylenediamine solution (0.2% w/v) was used 
in place of benzidine. The developed colour was extracted using 10 ml of n-butanol. 
The absorption spectrum shows a maximum at 480 mp. Some typical results are 
included in Table V. 

Small bubbles occasionally form in the butanolic extract in the optical cell. These 
are water bubbles forming from a slightly supersaturated waterjbutanol solution; 
they may be removed by using a 5% solution of disodium phosphate to break any 
emulsion formed and centrifuging the butanol extract for 2-3 min. The phosphate 
does not have any appreciable effect on the actual absorbances. However, the extrac- 
tion procedure involves one or two more steps in the over-all procedure and this is 
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Cyanide, 

PPm 

Absorbances (corrected for blank) 

Solvent extraction Without extraction 
(480 mp) (515 m,u) 

0.01 0.018 0.009 
0.02 0.032 0.021 
@05 0065 0.049 
0.10 0.167 0.101 
0.20 0.323 0.201 
0.30 0.496 0.298 
0.50 0.838 0.509 

an obvious disadvantage. Although there is a 50% increase in the absorbance, at 
the lower end of the range the reproducibility using solvent extraction is not as good 
as without extraction. With a very low concentration of cyanide, more than one 
extraction is necessary and the resultant volume errors tend to remove the advantage 
of increased colour absorbance. The method is not recommended. 

Thus, the procedure as so far envisaged is: 

Using a 4.0-ml raw sample, add 0.2-ml of bromine water and 0.1 ml of concentrated hydrochloric 
acid. Mix well, add 0.2 ml of arsenious acid solution followed by 40 ml of freshly mixed pyridinel 
p-phenylenediamine. The absorbance is measured against water in l-cm cells, at 515 rnp, after 
30 min. 

The results are as described (Fig. 1). It is possible to use the method down to 0405 
ppm with an accuracy of l-2%, the main source of error being the measurement of 
the small volumes of reagents. * However, because industrial samples of cyanide 
(effluents, etc.) are relatively unlimited, these sources of error can be minimised by 
using a larger sample size. To ensure an adequate excess of bromine in the sample, 
the amount of this reagent used must, of course, be increased. The following pro- 
cedure was adopted for samples of “unlimited” size: 

Treat 40 ml of the raw sample in a 50-ml volumetric flask with 2.0 ml of saturated bromine 
water and 0.1 ml of concentrated hydrochloric acid, then thoroughly mix. After 5 mm, 0.4 ml of 
arsenious acid solution is added and the total volume adjusted to 50ml with cyanide-free water. 
A 5.0~ml aliquot of this mixture is treated with 4.0 ml of freshly mixed pyridinelp-phenylenediamine. 
The solutions are thoroughly mixed and the absorbance of the resulting solution is compared to that 
of water at 515 rnp, at various times after mixing. 

The results obtained showed that the colour obeys Beer’s Law. To extend the 
upper range of the method, dilution of the sample before addition of reagents enables 
the method to be used from 0401-100 ppm. Some typical results using this procedure 
are given in Table VI. 

The absorbances after 30 min obtained from 54-ml of the treated mixture are 
shown graphically on Fig. 3. 

For small concentrations of cyanide this procedure has no advantage over the 
original procedure other than that of increasing the accuracy by decreasing the 
relative volume errors in the sample size. For relatively large concentrations of 
cyanide (10 ppm or greater), however, the use of a l*O-ml sample and dilution to 
@O ml reduces the concentration of other material present by a factor of 10. This 
may reduce interferences (see later) to a tolerable level in some instances. 

* For 4-ml samples a 4-ml grade A pipette was used, and for volumes of reagents of less than 
l-ml a l-ml pipette (graduated into 0.01 ml) was used. 



628 L. S. BARK and H. G. HIGSON 

TABLE VI 

Absorbances (corrected for blank) 
Cyanide 

in “raw” sample, Cyanide Time after mixing, min 

PPm 
&5 ml ___-- 

20 30 40 

a 0.001 O+M4 
a 0.005 0.02 
a 0.025 0.1 
a 0.050 0.2 
a 0.100 0.4 
: 20.0 0.250 20 1.0 

40.0 4.0 
100.0 10.0 

a: 40.0-ml row sample. 
b: 10%ml raw sample. 

0.002 0+)03 0*003 
0.005 0*004 0.004 
0.027 0.026 0.026 
0.048 0.047 0.047 
0.096 0.102 0.104 
0.218 0.248 0.246 
0.425 0448 0.451 
0.933 0.990 0.995 
2.32 2.55 2.45 

Cyamde, pg/ 5ml of treoted mxture 

FIG. 3 

Interferences 

Interfering substances may be divided into : 
(i) Those which react with bromine and form cyanogen bromide under the condi- 

tions of the reaction; these substances give high values for the cyanide present. 
(ii) Those which prevent the cyanide ion from forming cyanogen bromide and 

hence give low results. 
In the first class of substances, the most important is the thiocyanate ion, which 

reacts with bromine to produce cyanogen bromide. Both methods developed, 
employing p-phenylenediamine, may be used to determine the amount of thiocyanate 
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present. The difference in reaction weights of the cyanide and thiocyanate ions is 
reflected in the absorbances produced, viz. 

0.2 ppm of cyanide gives, on reaction, an absorbance of 0.200, 
O-2 ppm of thiocyanate gives, on reaction, an absorbance of 0100. 
It is possible to determine the two ions in admixture, using the following procedure 

based on the non-volatility of thiocyanic acid. The total cyanogen bromide-producing 
substances in one aliquot of the sample are determined in the proposed manner. A 
second aliquot of the sample is acidified with either trichloracetic acid or boric acid, 
heated to 90-100” and aerated by a slow stream of air bubbles for 10-15 min. The 
evolved hydrocyanic acid is collected in 0.144 sodium hydroxide solution and the 
cyanide content of the resulting solution determined as previously described. The 
residual thiocyanate in the acidified solution may also be determined (like hydrochloric 
acid, trichloracetic acid and boric acid have no effect on the absorbance produced 
by bromine water alone). 

Cyanates, hexacyanoferrate (II) and hexacyanoferrate (III) are without effect. 
Cyano-complexes of zinc and copper, however, yield cyanogen bromide when treated 
with bromine water, and it is necessary to remove free (uncomplexed) cyanide ion by 
the aeration procedure described. 

Ironrr, nickel11 and copperrr, in quantities of 100 ppm, produce a ten-fold, three- 
fold and two-fold decrease in the concentration of cyanide found, respectively. 

Of the other metal ions probable in effluents, manganese, lead, zinc, mercuryrr and 
silver do not interfere in amounts up to at least 100 ppm in the solution as tested, 

Reducing and/or oxidising agents present do not interfere except by consuming 
the bromine water or arsenious oxide solution, respectively. 

Free chlorine which is often present in trade effluents, does not interfere; the 
cyanogen chloride formed has the same effect as cyanogen bromide. 

Non-oxidising or non-reducing ions present, such as borate, bromide, carbonate, 
chloride, nitrate, phosphate and sulphate, do not interfere in amounts up to at least 
100 ppm. 

It is to be noted that using the dilution technique a ten-fold decrease of any 
interfering substances is obtained (on a 1.0~ml sample), and it is thus possible that 
relatively high concentrations of ions in a raw sample may be tolerated without any 
noticeable loss in accuracy. 

Procedures for the decomposition of complex cyanides to give hydrogen cyanide 
for determination have been previously revieweda*# and any of the recommended 
methods are applicable to the determination of cyanide by p-phenylenediamine. 

Stability of the Reagent 

The stability of the reagent was investigated using standard solutions of cyanide 
(44 samples) and a 0.2% w/v solution of p-phenylenediamine in 0.5M hydrochloric 
acid : 

(1) freshly prepared (less than 1 hr) 
(2) solution kept in a ‘dark’ bottle for 6 weeks. 

TABLE VII(R~-ABSORBANCEOFREAOENTBLAMCSOLUTION 

Time after mixing, min 
Absorbance (fresh solution) 
Absorbance (6-weeks old solution) 

0.‘0:9 
25 30 

o-020 O-022 
0.021 0420 0.023 
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Cyanide, 

PP” 
Time after 
mixing, min 

Absorbance (corrected for blank) 
--____-- 

Aged Fresh 
reagent reagent 

0.2 15 0.200 0.196 
25 0.203 0201 
30 0.203 0.201 

0.4 15 0.398 0.396 
25 0.406 0404 
30 0.406 0404 

2.0 15 2.01 2.01 
25 2.01 2.02 
30 2.02 2.03 

From the results in Tables VII(a) and VII(b), the reagent solution is stable for at 
least 6 weeks when stored in a dark bottle, and the reproducibility of the results at 
30 min after mixing is * 1%. 

CONCLUSION 

The procedure to be used depends on the expected concentration of cyanide to be 
determined, the size of the sample available and the contaminants. The following 
procedures are recommended. 

Unlimited sample (#c 40 ml) 

For a concentration of cyanide between 0.005 and 0.25 ppm, the sample is obtained free from 
interferences (if necessary) by distillation, aeration, efc. Forty ml of the sample are then treated 
with 20 ml of saturated bromine water and 0.1 ml of concentrated hydrochloric acid and the solutions 
thoroughly mixed. After 5 min, 0.4 ml of arsenious acid solution is added and the total volume 
adjusted to 50.0 ml. A 5.0~ml aliquot of the mixture is then treated with 4.0 ml of freshly mixed 
pyridine/p-phenylenediamine (3.0 ml of pyridine reagent + 1.0 ml of p-phenylenediamine solution). 
After thorough mixing and standing for 30 min at room temperature, the absorbance of the result- 
ing solution is compared to that of water at 515 rnp. 

The absorbance of a blank solution should be determined under the same conditions and the 
absolute absorbance used to calculate the concentration of cyanide present, from a previously deter- 
mined calibration curve. 

For samples containing 0~25-100 ppm of cyanide, a suitable aliquot should first be diluted to 
40.0 ml with cyanide-free water, then processed as above. 

Limited Sample 

If the sample size is limited and dilution to 40.0 ml would decrease the concentration below 
0.005 ppm, then 40 ml of the sample are mixed well with 0.2 ml of saturated bromine water and 
0.1 ml of concentrated hydrochloric acid. After 5 min, 0.2 ml of arsenious acid solution is added, 
followed by 4.0 ml of freshly mixed pyridine/p-phenylenediamine. After 30 min at room temperature, 
the absorbance is measured at 515 mp. 

A separate calibration curve should be determined. If necessary, the sample may be obtained 
free from interferences as above. 

Zusammenfassuog-Zur Bestimmung von Cyanidspuren in Wassern 
wird p-Phenylendiamin in einer Reaktion vom Ty der K&rig-Reaktion 
verwendet. Mit geringftigigen methodischen K nderungen 1iiBt sich 
die Methode im Bereich von 0,005 bis 100 ppm anwenden. 

R&m&---Pour doser le cyanure a I’&& de traces dans les eaux, on 
utilise la p-phenylenediamine, dans une reaction du type Kbnig. 
Avec une leg&e modification de technique, la mtthode est applicable 
dans l’intervalle de 0,005 a 100 p.p.m. 
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Summary-The wet oxidation of organic compositions as introductory 
manipulation in the determination of micro- and macrogram metallic 
and non-metallic elements is described. The principal oxygen donor 
in thii procedure is perchloric acid generated in situ. Mixed nitric and 
hydrochloric acids are. employed to convert ammonium perchlorate 
to perchloric acid. The three mixed acids then serve as superior solvent 
for the organic matter to be oxidised. Conditions are particularly 
suited for the oxidation of large samples. Reaction rates are repressively 
controlled to give assurance against violent oxidation. Applications 
include organic compositions, essentially of CelIulose, sugars and 
polyhydric alcohols, or proteins. Conditions prevail in the leisurely 
application of reaction time to provide maximum effects from nitric 
acid. This provision is the key to slowly advancing oxidation potential. 
The final high potential provided by perchloric acid over the tempera- 
ture range 150” to 203’, stepwise increasing, completes oxidations with 
no accompanying menacing carbonisations. Reaction times involve 
50 to 60-min digestions. 

INTRODUCTION 

THE oxidation of organic compositions by dry ignition has been shown1 to be fre- 
quently accompanied by a serious loss of residual elements from high temperature 
volatilisation. By exhaustive test, wet oxidations employing perchloric, sulphuric and 
nitric acids involve no loss under easily adjusted reaction conditions. There appears to 
be general acceptance that the use of perchloric acid as oxygen donor in wet oxidation 
of organic compositions provides the most valuable reaction medium. 

Wet oxidation digestions in the elimination of organic matter, with retention of 
metallic and non-metallic accompanying elements, fall into five general categories 
according to the reagents involved: 

(1) Nitric plus perchloric acids: “The Liquid Fire Reaction.“* 
(2) Perchloric acid alone. This procedure applies static oxidation potential 

magnitudes of predetermined values.3 
(3) Perchloric and sulphuric acid mixtures. This application applies high redox 

potentials.4 
(4) Sulphuric acid at 350” followed by a perchloric acid finishing reaction at 

190-195”.5 Used with fuel oils and samples rich in fat. 
(5) Periodic acid and perchloric acid : “The Periodic Acid Liquid Fire Reaction.“6 
The last listed method provides general oxidation at the lowest possible tempera- 

tures and shortest reaction times. 
Employing one or more of these five reaction procedures, a wide range of organic 

compositions may be expeditiously oxidised. Samples include fuels (such as coal or 
633 
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oils), carbon (such as gas-mask canister materials), fats, synthetic fabrics (such as 
nylon, orlon or dacron), foods and feeds, leather and wool, syrups, conserves, fruits 
and cellulose-rich products. Method (5) has been applied to the determination of 
amino nitrogen.’ Many published works involving one or more of the five procedures 
have been documented, but these are too numerous to cite in the interests of brevity. 

EXPERIMENTAL 
Reagents 

Concentrated (67-68 %) nitric and (37-38 %) hydrochloric acids 
Ammonium perchlorate (995 %). As produced in multiple tonnage for use in the solid rocket 

fuel programme. Recrystallisation purification is recommended. 

Apparatus 

The Bethge apparatus8 is requisite. By its use reaction conditions are best controlled. Heat is 
provided using a ring burner and modified nichrome wire gauze. A modified Rogers ring burner 
with micro control of gas-fuel intake8 is preferred. An electric hot plate or a glass fabric heating 
mantle with voltage control may be substituted. Rate of energy input should be of such magnitude 
as to bring the reaction temperature to no more than 100” during the first 5 min. The Bethge apparatus 
assembled is shown in Fig. 1. Adjustment of the thermometer insert is provided by a teflon adapter 
as shown. 

RESULTS AND DISCUSSION 
Reaction characteristics 

The reactions involved fall under three stages: 

(A) Initial conversion of ammonium perchlorate to perchloric acid. The reaction 
with mixed hydrochloric and nitric acid converts the ammonium ion to nitrous oxide 
and water. An amount of water approximately equal to the combined mixed acid 
volumes is added to the sampling mixture. Reaction time is 10 min at a maximum of 
1 IO”. Heat is applied at such magnitude to attain 90” to 100” in not less than 5 min. 
Reaction conditions involve a mildly exothermic condition and the reaction is con- 
ducted under reflux of the condensed vapour phase. In general, the organic composi- 
tions being oxidised are dissolved by the three mixed acids present during stage (A). 

(B) Adjustment is provided to retain condensate during the remainder of the 
digestion. The hydrochloric acid has been consumed. The dilute solution of mixed 
nitric and perchloric acids gradually concentrates over the temperature range 110” to 
150”. The reaction is exothermic to a greater or less extent depending upon the nature 
of the organic matter being oxidised. During this stage the nitric acid undergoes 
gradual uniform increase in concentration. The oxidation potential of the nitric acid 
increases gradually to its maximum value at 150”. All organic matter capable of 
destruction by nitric acid has been reacted upon and excess nitric acid has been 
collected in the condensate. Little reactivity from perchloric acid has, as yet, been 
applied. Stage (B) requires from 30 to 40 min at the same application of heat applied 
throughout the three stages (A), (B) and (C). Variation in time during stage (B) is 
governed by the exothermic reaction provided by nitric acid oxidation. 

(C) The ‘final stage completes the oxidation following the limited destruction of 
organic matter provided by nitric acid and elimination of its excess at 140” to 150”. 
At 150” the first influence of perchloric acid as oxygen donor becomes effective. As 
the temperature advances because of concentration increase, the oxidation potential 
steadily and uniformly increases from approximately O-8 to 2.0 V. The perchloric 
acid concentration increases from 50 % at 150” to 72.5 % at 203”. The reaction over 
this range becomes increasingly exothermic. At 203” the distillate and residual acid 



FIG. 1 .-Bethge apparatus (water condenser disengaged) and modified 
Rogers ring burner. 
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in the reaction flask is at the water-perchloric acid azeotropic composition. The 
extent of the exothermic reaction depends upon the nature of the organic material 
being oxidiscd. Stage (C) requires 10 min, in general. Total reaction time, over-all, 
is approximately 60 min. 

Reaction advantages 

Previously described wet oxidation procedures2-6 have one common objective, 
that of controlled oxidation at minimum time intervals. All types of organic composi- 
tions may be oxidised by one to three of the various applicable procedures. In 
general, the products oxidised involve little or no carbonisation. Degradation pro- 
ducts, as well as the original compositions, are usually all in homogeneous solution 
throughout the entire digestion. Such reactions, if accompanied by the formation of 
dark brown or black reaction products, are still reaction rate controlled. However, 
in general, sample weights are limited to the 1 to 2 g magnitude. 

The present work involves no reactions resulting in dark or black reaction media. 
Samples of 5 g are applicable. Conditions are adjusted to require longer reaction 
periods. Accordingly, the full possible effect of nitric acid as oxygen donor is provided. 
The oxidation of organic matter is thus as complete as possible before the perchloric 
acid oxidation begins. By following the reaction temperature during stage (b), the 
mildly exothermic nitric acid oxidation indicates the extent to which the removal of 
organic matter is progressing. Adjustment in the volume of nitric acid employed may 
then be made. Perchloric acid reaction in stage (c) may thus be favourably minimised. 

The entire new procedure requires little operator attention. The apparatus in- 
volved is readily assembled and dismantled. It does not require a fume hood. The 
use of the new procedure encourages those reluctant to apply perchloric acid in wet 
oxidations, in fear of uncontrolled reaction intensities, to adopt the procedure in 
routine operations. In the present studies, no protective reaction screen was employed 
in any test oxidation. 

Graphical representation of data 

Three distinct types of organic compositions for wet oxidation include those which 
are predominantly cellulose, sugars or proteins. The time-temperature recording of 
the progress of the oxidation is the most informative technique serving to characterise 
each type of reaction. Employing the Bethge apparatus (Fig. l), the oxidation of 2 g of 
tuna fish is characterised in Fig. 2. Because of the small weight of sample the reaction 
flask employed is 250 ml in volume. The oxidation is, for this reason, complete in 26 
min. Stage (A) in Fig. 2 is complete in 6 min, and from 4 to 6 min no temperature rise 
indicates the conversion of ammonium perchlorate to perchloric acid. The sample 
during this period has been completely dissolved. At this point the return of reflux to 
the reaction flask is discontinued. For the following 16 min the stage (B) reaction of 
nitric acid is operative. Over the period 6 to 14 min the temperature elevation is slow 
and uniform indicating no appreciable exothermic nitric acid oxidation. Over the 
reaction period 15 to 22 min the oxidation is progressing at an increased tempo, as 
shown by the materially increased slope of the time-temperature plot. At 22 min the 
temperature has advanced to 150”. All excess nitric acid has now left the reaction 
flask to be collected in the condenser system. The effective oxidation period, 22 to 26 
min, involves the reaction of perchloric acid as oxygen donor, stage (C). At 150” the 
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perchloric acid concentration is approximately 50%. Here there comes into play a 
gradual increase in oxidation potential accompanied by a material exothermic reaction 
complete in 4 min. The completion of oxidation (as indicated by the oxidation of the 
chromium indicator,* Crul to Crvl, at 202”) indicates a perchloric acid concentration 

‘Old 2 6 IO 14 18 22 26 
I I I I I I I I I I I I I 

TIME-MIN 

FIG. 2.-Oxidation of tuna fish [2 g of sample; 250-n-J reaction flask; 10 ml of HCl; 
17.6 ml of HNOI,; 215 g of NHICIO1; 26 ml of HzO; chromium indicator; 43 ml 

of distillate; 21.75 g (13 ml) of residue in HCIOI flask]. 

of 72.5%. During the entire reaction [stages (A), (B) and (C)] no alteration of heat 
applied has been made. Stage (C) owes its temperature rise almost entirely to its 
exothermic properties. 

At the completion of the oxidation the condensate may be removed, the air and 
water-cooled condenser rinsed and the distillation continued with elevation of tem- 
perature input. By this means excess perchloric acid can be removed from the reaction 
flask. Any silica originally present in the sample is now dehydrated and insoluble. 
The reaction flask can now be diluted with water, filtered and made ready for deter- 
mination of metallic and non-metallic minor or major components originally present 
in the organic compositions of the sample. The flask contents, after completion of the 
oxidation covered by the results of Fig. 2, weighed 21.75 g or approximately 13 ml 
of perchloric acid. The distillate was 43 ml. 

Non-condensed volatile products may be conducted from the top of the water- 
cooled condenser by flexible tubing into the sink drain, thus avoiding, by the use of the 
Bethge apparatus, the need for a fume hood in which to perform the oxidation. 

* l-2 mg of potassium dichromate are included in the reaction mixture. As long as any organic 
matter is present, the chromium is held in the green tervalent state. When all traces of organic 
matter are oxidised, the chromium is immediately oxidised to the orange hexavalent state. 
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Oxidation of 5-g samples of organic compositions 

The oxidation of 5 g of dried beef is character&d in Fig. 3. A lOOO-ml Bethge 
apparatus was employed. As well as using a 5-g sample, the reactants were aug- 
mented and a resultant 60-min reaction time was required. As could be predicted, the 
general profile of the graphical recording of data duplicates that of Fig. 2 for the 
reason that both organic compositions oxidised are proteins (distillate: 67 ml; 
perchloric acid remaining in the reaction flask: 33.6 g or 20 ml). 

The oxidation of 5 g of vegetable tanned leather is graphically recorded in Fig. 4. 
The reaction time is shown as 41 min under the same conditions as for an equal 
sample of dried beef. In the case of leather it is observed that the oxidation is less in 

IO 20 30 40 50 60 
TIME- MIN. 

FIG. 3.-Oxidation of dried beef [5 g of sample; lOOO-ml reaction fiask; 15 ml of HCl; 
26.5 ml HNOI; 32 g of NHICIOI; 39 ml of H*O; chromium indicator; 67 ml of 

distillate; 33.6 g (20 ml) of residue in HClO* flask]. 

I I I , I ( I , , , , , 1, , , 

MO- 

180- 

FIG. 4.-Oxidation of leather 15 g of sample; 500 or 1000~ml reaction flask; 15 ml of 
HCl; 35 ml of HNOI; 32 g of NH&IO,; 39 ml H,O; chromium indicator; 71 ml 

of distillate; 29 g (174 ml) of residue in HClO, flask]. 
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the nitric acid stage (B) and the burden of reactivity is placed upon the perchloric acid 
stage (C). With the same sample weight, the distillate was 71 ml and the perchloric 
acid in the reaction flask 29 g or 17.4 ml. The same amounts of mixed reactants were 
employed in the reactions shown in Figs. 3 and 4. An additional 2-6 ml of perchloric 
acid were consumed. 

TIME-MIN. 

FIG. 5.-Oxidation of sugar [5 g of sample; lOOO-ml reaction flask; 15 ml of HCl; 35 ml 
of HNO,; 32 g of NH4C104; 39 ml of H,O; chromium indicator; 70 ml of distillate; 

35.3 g (21.1 ml) of residue in HCIO., flask]. 

The oxidation of 5 g of cane sugar is shown in the graph of results in Fig. 5. The 
results indicate that the oxygen donor contribution of both nitric acid and perchloric 
acid are approximately equal. 

The oxidation of 5 g of raffia and 5 g of cinnamon bark (principally both cellulose) 
is depicted in Figs. 6 and 7. As would be predicted, the results indicate almost duplicate 
reaction characteristics. Subsequent to the reaction with nitric acid in stage (B), the 
exothermic nature of the perchloric acid oxidation is more pronounced than that of 
either the oxidation of samples essentially sugar or protein in composition. 

Reaction commentary 

Nitrous oxide formed in reaction stage (A), being soluble in water and many 
organic compositions, especially in the case of cellulose-laden materials, promotes 
foam formation. Such foams are very light and can be counteracted by increasing the 
flask volume of the Bethge apparatus. 

The oxidations described in Figs. 2 to 7 may be well conditioned by employing 
modified amounts of reactants to suit any particular type of routine plant control 
oxidation samples. By trial, for example, the volume of nitric acid may be reduced to 
such favourable volume, provided there results no dark brown or black degradation 



Wet oxidation of organic compositions 639 

reaction products. The time required may thus be favourably reduced for a given 
application. 

Sufficient perchloric acid should be obtained to prevent dry spots from forming 
on the inside bottom of the reaction flask. By withdrawing distillate from the appara- 
tus condenser system, and rinsing with distilled water at the completion of oxidations, 
one may collect by further distillation the bulk of the perchloric acid formed previously. 

Organic compositions containing siliceous materials, in boiling 72.5 % perchloric 
acid, precipitate insoluble SiO, quantitatively. In general, perchloric acid is a pre- 
ferred medium for final determination of metallic and non-metallic residual isolated 

180 

FIG. 6.-Oxidation of raflia [5 g of sample; 
1000-ml reaction flask; 15 ml of HCl; 35 ml 160 
of HNO,; 32 g of NH,CIO1; 39 ml of H,O; ? 
chromium indicator; 71 ml of distillate; 29 g d 

(17.4 ml) of residue in HCIOa flask]. $40 
t- 

100 
IO 20 30 40 

TIME-MIN. 

STAGE CC, 17 FIG. 7.-Oxidation of cinnamon bark 
[S g of sample; lOOO-ml reaction flask; 
15 ml of HCI; 35 ml of HNO,; 32 g of 
NH&IO,; 39 ml of H,O; chromium 

indicator; 73 ml of distillate]. 

In.1 I I I I1 I I 
5oU IO 20 30 40 so 

TIME-MIN. 
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and retained elements. If for any reason a sulphuric acid solution is preferred, it may 
be added to the perchloric acid solution and the latter displaced by volatilisation upon 
fuming at 180490”. 

Forty test oxidations of a wide variety of organic compositions have been carried 
out. Analysts, formerly apprehensive of methods 2 to 6, may well make “assurance 
doubly sure” through the use of the present disclosures. 

ZusammenfW~-Die nasse Oxydation organischer Mischungen als 
erste Operation bei der Bestimmung von Mikro- tmd Makromengen 
metallischer und night-rne~l~~her Elemente wird beschrieben. Bei 
diesem Vorgang dient in situ erzeugte oberchlorsiiure in erster Linie 
als Sauerstoffquelle. Mit Salpeters&ue-Salzsaure-Gemisch wird 
Ammoniumperchlorat zu ~berchlorsaure umgesetzt. Das Drei- 
s&,trengemisch dient dann als ausgezeichnetes LSsungsmittel fur das 
zu oxydierende organische Material. Die Bedingungen sind besonders 
zur Oxydation groBer Proben gee&net. Die Reaktionsgeschwindigkeit 
wird zum Schutz gegen zu heft& Oxydation unter Kontrolle gehalten. 
Die ~wend~gen schlieOen haup~hlich Mi~h~~n von Cellulose, 
Zuckem, mehrwertigen Alkoholen oder Proteinen em. Hauptsachlich 
kommt es darauf an, da8 man der Reaktion Zeit Wt, damit die 
SalpetersWre optimal ausgenutzt wird. So kann man das Oxydations- 
potential langsam steigem. Das zum SchluB von uberchlorsiiure bei 
stufenweise ansteigender Temperatur von 150” bis 203” gelieferte 
hohe Potential beendet, die Reaktion, ohne dalj Verkohlung droht. 
Der A~schluR dauert 5&60 Minuten. 

R&ann&-Gn decrit l’oxydation humide de melanges organiques, en 
tant que manipulation initiale dam le dosage d’elements metalliques 
et non metalliques aux Bchelles du microgramme et du macrogramme. 
Le principe donneur d’oxygene est, dans cette technique, l’acide 
perchlorique gfmere “in situ”. On utilise un melange d’acides nitrique 
et ~hlorhydrique pour convertir le perchlorate ~~onium en acide 
perchlorique. Le melange des trois acides sert alors de solvant 
principal pour la mat&e organique a oxyder. Les conditions sont 
particulierement appropriees a I’oxydation de grosses prises d’essai. 
Les vitesses de reaction sont t&s dtroitement control&, aiin que l’on 
soit assure d’eviter une oxydation violente. Les applications com- 
prennent des melanges organiques constitub essentiellement de 
cellulose, de sucres et polyols, ou de proteines. Les conditions reposent 
essentiellement sur un temps de reaction silent long pour 
obtenir les effets maximaux de l’acide nitrique. Cette precaution est 
la clef qui autorise un potentiel d’oxydation lentement progressif. Le 
haut potentiel final apporte par l’acide perchlorique, pour les tempera- 
tures s%chelonnant de 150” a 203”, et croissant graduellement, 
complete les oxydations sans que celles-ci soient accompagnbs dune 
menace de carbonisation. Ies temps de reaction comprennent des 
digestions de 50-60 minutes. 
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Summary-The title compounds and related substances were prepared, 
characterised and tested as solvatochromic chelating agents. These 
reagents show large color changes with solvent, and the chelates, 
though insoluble in most common solvents, are also solvatochromic. 
Reagents with a 2-methyl group adjacent to the chelating centre do not 
precipitate altinium, and this effect can be used as a colour test for 
aluminium. 

lN continuation of studies of chelating agents that undergo large colour changes with 
solvent polarity (solvatochromism),l we have prepared four reagents of general 
formula I (R and R’ are H or CHs). In these compounds the solvatochromism is 
conferred by the betaine function in one quinoline ring, and this is isolated by a 
methylene bridge from an 8-quinolinol (or S-hydroxyquinaldine) moiety that can 
form chelates with metal ions. The chelates as well as the reagents can thus be solvato- 
chromic, and it was anticipated that the two functions should be independent. 

It was not possible to obtain the compounds by direct methylation of available 
his@-hydroxy-5-quinolyl)methanes 2p3 because dimethyl sulphate methylated both 
nitrogen atoms (see Experimental); though these products are solvatochromic they 
obviously are not chelating agents. The desired monomethylated compounds were 
obtained by rather tedious condensation reactions of 5-hydroxymethyl-8-quinolinol4or 
5-hydroxymethyl-8-hydroxyquinaldines with either 1-methyl-8-hydroxyquinolinium 
methosulphate or its 2-methyl derivative as shown in the following equation: 

-0 CH, 

CHsOH 2 

@,R+ qD,R. -, +QR 

OH HO JcH+. (CH,SO,)- HO 

(R =‘R’ = H) 
(II-IV; R or R’ is H or Me) 

A similar condensation of I-methyl-Shydroxymethyl-8-hydroxyquinolinium 
methosulphate with 8-quinolinol also gave I, identical in m.p. and ultraviolet-visible 
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spectra with a sample of the same compound prepared by the above reaction. All 
four of the compounds were isolated as the dark red inner salt represented by formula 
I and were also converted to the dihydroc~orjdes, yellow solids of high decomposition 
point, It is note~o~hy (Table I) that all products were hydrated, a demons~ation 
of the affinity of these substances for solvent molecules. 

TABLE I.-~-(~-H~~R~xY-~-QuINoLYLMEITx~L)-S-HYDR~~~_~ SALTS 

.o-~-cH~-Q--oH 

W?-j'l b<HCl 

Cl- R’ 

NitFOgfXi 

~ub~t~ent§ in formula 
M.P,,* Yield, C&d., Found, 

No. R R Formula “C % 0’ /o % 

I H H GJI&l,Nk’J&Q ~320 
88 

6.87 681 
IBb G&LNBO~.HBQ 185 8.38 8.38 
II CH, CH, GaHaaClrN~Oe+IzO 238 - 6.44 6.41 
IIBb G&Is&&L*H~0 187-189 94 7.13 7.57 
III H CH$ G&&l&.Q&~ 233 - 6.65 6-68 
IIIBb Ca&UU&-I-&~ 225 93 8@4 8-24 
IV CHs H G?&LCf%N&I-&@ 207-209 

61 
6.65 6.50 

IVB” GJ-IuN~O~+IS~ 155 8.04 8.42 

a All compounds melt with decomposition. 
b B = Betaine, which refers to the neutral molecule formed by the loss of two HCI mokcules 

from the salt (see equation). 

Spectra of basic I in a variety of solvents showed a considerable negative solvato- 
chromism in the visible (Table II), with a change in the wavelength of principal 
maximum by over 100 rnp from water to chloroform as solvent. [For comparative 
purposes maxima for the inner salt (V) of N-methyl-S-hydroxyquinaldinium hydroxide 
are listed too.] The spectrophotometric determination of ionisation constants of these 
compounds gave the results of Table III, with the three ionisation constants repre- 
senting transitions, respectively, from diprotona~d to neutral (liter-ionic) to anion 
forms as the pH increases, Thus, the first pKa is for the N-H+ dissociation and the 
second and third for the phenolic hydrogen atoms. Comparative figures for some 
related compounds are also listed. 

Infrared spectra of potassium bromide pellets of the compounds were also obtained. 
Because ail four reagents have a pK2 of about 6-7 they would be expected to exist 

primarily in the cationic form at pH values of 5 or less, and chelates formed at pH 5 
or less should not be solvatochromic. All reagents gave yellow solutions at pH 5 
with copper, nickel, zinc and aluminium ions and a green solution with ironlI1 ion. 
In concentrated solutions precipitates of these chelates, presumably as salts with 
anions in the solution, could be obtained, but lack of knowledge of the anions 
incorporated prevented successful analysis. 

At pH 9 orange to red precipitates from aqueous solution were obtained with copper, 
cobalt, nickel, zinc, magnesium and ironrrx ions using reagents I-IV and with alumi- 
nium using reagents I and IV. The reagents are soluble in chloroform, but the chelates 
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TABLE U.-ABSORPTION MAXIMA IN THE VISIBLE SPECTRA OF I AND V 

643 

Solventa Dielectric constantb 
(and Z valuese) 

Maximum, mp (log e) 

I 1 

Water 
90% MeOH 
90% 1-Propanol 
90% 2-Propanol 
90% Acetone 
Benzyl alcohol 
Chloroform 
80% 2-Propatrol* 
60% 2-Propanol* 
40% 2-Propanol* 
20% 2-Propanol* 

80.4 (94.6) 
37.9 (85.8) 
29.8 
23.5 (83.20) 
25.9 (77.7) 
13.1 
4.8 (63.2) 

29.7 
456 
57.3 
68.1 

458 (3.30) 
496 (3.26) 
504 (3.25) 
507 (3.24) 
516 (3.24) 
495 (3.29) 
575 (3.39) 
499 (3.25) 
487 (3.27) 
481 (3.28) 
472 (3.30) 

428 (3.18) 
456 (3.06) 
465 (3.13) 
470 (3.09) 
479 (3.09) 
462 (3.18) 
529 (3.09) 
463 (3.12) 
456 (3.13) 
449 (3.14) 
438 (3.16) 

B All aqueous solutions were also O.OlM in ammonia. Percentages are volume percentages at 30”, 
the temperature of measurement. 

b Dielectric constants of aqueous solutions were interpolated from the values of G. Akerloeff, 
J. Amer. Chew. Sot., 1932, S4,4125; 1936,58,1241. 

c These measures of solvent polarity were interpolated from the values of E. M. Kosower, J. Amer. 
Chem. Sot., 1958, 80,3253. 

*Results at 10% intervals for 2-propanol-water mixtures were recorded; there is a uniform 
negative solvatochromic effect in this series as a function of dielectric constant. 

TABLE III.-Acm DISSOCIATION CONSTANTS 

OF 5-(8-HYDROXY-5-QUINOLYLMETHYL)-8- 

HYDROXY-I-METHYLQUINOLINIUM COMPOUNDS 

Compound No. pKl p& pK3 

8-QuinolinoP 5.13 - 9.89 
I 4.6 6.70 9.85 

III 4.7 6.62 10.2 
V - 6.83 - 

a S. F. Mason, J. Chem. Sot., 1958, 674. 

TABLE IV.-ULTRAVIOLET-VISIBLE ABSORPTION MAXIMA 

Compound O.lM HCl O.lM KOH pH 7.98 

I 257 (4.81), 380 (3.70) 258 (4*57), 275 (4.53) 357 (3*74), 458s (3.32) 462 (3.29) 
II 261 (497), 370 (3.73) 262 (4.58), 281 (4.55), 440s (3.31)b 441 (3.28) 

III 260 (4.95), 377 (3.72) 263 (4.64), 275s (4.60), 355 (3.81), 464 (3.34) 465 (3.34) 
IV 358 (4*87), 371 (3.75) 257 (4.53), 281 (4.48), 445s (3*30)b 447 (3.22) 
V 258 (4.73), 357 (3.41) 277 (4.66), 432 (3.25) 

8 Visible maxima only. 
b An additional maximum is present near 355 m,u; this maximum appears to be caused by the 

chelating function. 

are not. This lack of solubility of the chelates extended to most organic solvents, 
though aqueous pyridine mixtures did dissolve them well enough to allow solvato- 
chromism to be observed, the chelates ranging from orange to violet with increasing 
pyridine content. In water the chelates were somewhat more soluble than is suitable 
for quantitative precipitations. 

It would appear that the solvatochromism of the reagent determines in large part 
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the colour of the chelates. Chelates prepared in alcohols and other non-aqueous 
solvents showed colours generally close to that of the reagent in each solvent, but 
upon filtration and loss of solvent the chelates changed to the red colour usually 
observed in the samples prepared from water solutions. 

Any utility of these reagents must rest on the colours produced by extraction of the 
reagent. A novel colour test for aluminium, for example, is afforded by adding III to 
an aqueous solution containing metal ions to chelate all except aluminium; after 
addition of base, chloroform then extracts any excess III. Addition of a drop of dilute 
I to the aqueous phase and extraction again with chloroform will give a blue-violet 
chloroform layer if no aluminium is present but will leave the chloroform colourless if 
aluminium is present, because the aluminium chelate of I is not soluble in chloroform. 
There is no chelate of III with aluminium. 

EXPERIMENTAL 

separation of Cumpo~ 

i-Methyl-8-hy~oxyq~no~um metbosulphate was obtained by heating Ct.1 mole of Iquinolinol 
until liquid, then adding O-1 mole of dimethyl sulphate and heating the mixture with stirring in a steam 
bath for 10 min. The solid product was washed with ether, dissolved in 2-propanol and precipitated 
with ether, and fmally recrystallised from 2-propanol as yellow needles of m.p. 156” (52% yield). 
(Literature’ gives m.p. 145-6”.) 

l-Methyl-8-hy~xyq~naldi~um methosulphate (m-p. 169-70’) was prepared similarly in 53% 
yield from 8-hydroxyqu~~dine. (Analysis. Calcd. for C&H,,NO,S: C, 5051; H, 53.0; N, 4.91. 
Found: C, 5056; H; 4.89; N, 478.) 

An aqueous solution of the methosulphate was converted to the chloride by passage through 
Dowex 2X-8 in the chloride form, evaporation of the eflluent and recrystallization from 90% 2-pro- 
pan01 in the form of yellow needles melting at 231”. (Analysis. Calcd. for CIIH,BClNO*2HzO: N, 
5.48. Found: N, 5.48.) 

l-Methyl-5-hydroxymethyymethydroxyquinolinium methosulphate was similarly obtained from 
5-hy~oxymethyi-8-quinol~oi* and dimethylsulphate in 73% yield by heating a nitrobenzene solution 
of the reactants for 1 hr on the steam bath. After three r~~s~~isations from 90% 2-propanol the 
product melted at 128”. (Analysis: Calcd. for C11H16NOBS=HZO: N, 4.39. Found: N, 4.35.) 
In O.lM hydrochloric acid the compound had ilmax 376 rnp ; in 0.1 M potassium hydroxide, 470 rn@ 
(log 8 2.8). 

5,5’-Methylenebis(8-hydroxy-l-methylquinolinium) dimethosulphate, decomposing 211-215”, was 
prepared in 47% yield by heating bis(8-hydroxy-5-quinolyl)-methane in excess dimethyl sulphate for 
1 hr on the steam bath, precipitating the product by addition of 1: 1 acetone-ether and recrystallising 
from 2-propanol. (Anafysb. Calcd. for CzsHac;NpO,,Sp: C, 49.81; H, 4.73; N, 5.05. Found: C, 
49-78; H, 498; N, 5.02.) 

This compound was converted to the dichloride, decomposing at 300”, by extracting an ammoniacal 
solution (pH 10) with amyl alcohol, adding ether and extracting the resulting solution with O-1M 
hydrochloric acid. Evaporation of the aqueous extract and recrystallisation from ethanol gave the 
dichloride. (Analysis. Calcd. for C,,H,,CI,N,O,*2H,O: N, 6.38. Found: N, 6.31.) 

In a similar way bis(8-hydroxy-5-quinaldyl)methanea was converted to the dimethylated derivative, 
isolated only as the chloride (m.p. 250”), because the methosulphate was hygroscopic. (Analysis. 
Calcd. for ClsH,&lzNaOB: N, 6-46. Found: N, 6.43.) 

5-(8-~ydroxy-5-quiaolyImethyZ)-8-hydroxy-l-methylquinoli~iam salts 

Either 0.01 mole of 5-hydroxymethyl-8-quinolinol (1.75 g) or 5-hydroxymethyl-8-quinaldinol 
(l-89 g) or 5-hydroxymethyl-8-quinaldinol (l-89 g) and 0.02 mole of 1-methyl-8-hydroxy-quinolinium 
methosulphate (5.43 g) or l-methyl-8-hydroxyquinaldinium methosulphate (5.71 g) were dissolved in 
20 ml of glacial acetic acid. After the dropwise addition of 6 ml of concentrated sulphuric acid, the 
reaction mixture was allowed to stand for 2 days at room temperature, then was heated to 60” for an 
additional 2 hr. The mixture was poured over ice and dihzted to approx~ately 2OOml. An aqueous 
solution of 2.5 g of CuSO,*SH,O was added and the solution neutralised with 20% sodium hydroxide 
solution until the formation of the olive copper chelate began. The pH of the solution was then 
adjusted to 9 by the addition of dilute ammonia solution. Warming the solution on a steam bath for 1 
hr coagulated the precipitate, which was filtered and washed with dilute aqueous ammonia and water. 
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The chelate was dissolved in approximately 250 ml of 2M hydrochloric acid and the copper 
removed by precipitation with hydrogen sulphide. After coagulation of the coppern sulphide by 
warming the solution, the sulphide was separated by filtration. The filtrate was neutralised with 20% 
aqueous sodium hydroxide, then saturated with carbon dioxide. After standing several hr, the 
precipitate was collected, washed with water and dried. The crude product was taken up in methanol 
and recovered by evaporation or alternatively, by precipitation with ether. The pure hydrated betaines 
were obtained as small dark red needles after two recrystallisations from 90% ethanol. Upon drying 
the betaines turned to a dark purple. 

The chloride-hydrochloride is obtained by saturation of a methanolic solution of the betaine with 
hydrogen chloride, precipitation of the salt with a 1: 1 acetone-ether mixture, and recrystallisation 
from 90% ethanol, to which several drops of hydrochloric acid had been added to prevent dissociation. 

5-(8-Hydroxy-5-quinolylmethyl)-8-hydroxy-l-methylquinofinium chloride (I in Table Z) 
(alternate method) 

A solution of 0.005 mole of 5-hydroxymethyl-8-hydroxy-1-methyl-quinolinium methosulphate 
(1.5 g) (XIV) and O-01 mole of 8-quinolinol(1.5 g) in 10 ml of glacial acetic acid was prepared and 
6 ml of concentrated sulphuric acid added dropwise. The mixture was allowed to stand at room 
temperature for 2 days, then heated at 60” for 2 hr. The mixture was poured over ice and neutral&d 
with 20% sodium hydroxide and steam distilled. The pH of the remaining aqueous solution was 
adjusted to approximately 8.5 and the solution extracted with benzyl or amyl alcohol. An equal 
volume of ether is added to the combined alcoholic extracts and the resulting solution extracted with 
O.lM hydrochloric acid. This acidic extract was treated with ether to remove the remaining alcohol 
and evaporated to yield 0.3 g (15%) of I, melting at 319-322” (dec.). 

Determination of Spectra and Zonisation Constants 
Ultraviolet and visible spectra were recorded with a Beckman DK-2 Spectrophotometer using 

1@04-crn matched silica cells for most measurements and lO-cm cells for very dilute solutions. 
Visible spectra as a function of pH for a large number of equimolar solutions of I were recorded in 
order to calculate the ionisation constants by standard procedures.r 

Distribution coefficients for I between an aqueous buffer and chloroform or benzyl alcohol 
were estimated by recording the spectrum of the buffered solution (pH 8) before and after extraction 
of a known volume of solution with a known volume of the solvent. The ratio of absorbance at a 
given wavelength is the fraction of reagent remaining in the aqueous phase. These measurements 
were only approximate, but indicated coefficients of 2 and 46 for I extracted into chloroform and 
benzyl alcohol, respectively. 

Infrared spectra were recorded on potassium bromide pellets using a Baird AB-2 spectrophoto- 
meter. Spectra of I-IV were very similar. showing broad absorption in the 3-p region for the bonded 
hydroxyl as well as broad absorption from about 3.2 to 5 ,u indicative of quaternary nitrogen. The 
presence of the methyl group on the carbon adjacent to methylated nitrogen in II and IV apparently 
gave a double maximum at 6.17 and 6.23 p, while the other two compounds (I and III) had only a 
single peak at 6.20 /J. Other bands were not assigned. 

Formation of Chelates 
Qualitative tests at pH 5 and 9 were run in accordance with previous procedures.* Results are 

described before Experimental. 
A number of chelates of I with metals were precipitated at pH 9,filtered, washed, dried and weighed. 

Analysis of these for metal content by ashing to the corresponding metal oxide gave the following 
results : 

Curr--Calcd. for Cu(C,,H,,N,0,),.2H,O: Cu, 8.7; found: Cu, 8.7. 
Fe”‘-Calcd. for Fe(CaoH1,NaO&: Fe, 5.6; found: Fe, 5.7. 
ZnIr-Calcd. for Zn(CaoHISNBOI)Z: Zn, 9.4; found: Zn, 9.4. 
Allrl-Calcd. for Al(C,,H,,N,O,),: Al, 2.8; found: Al, 3-l. 

Acknowledgement-This work was supported by a National Science Foundation Grant. 

Xusammenf assun8-Die in der Uberschrift genannten Verbindungen 
sowie verwandte Substanzen wurden dargestellt, charakterisiert und 
als solvatochrome chelatbildende Reagentien geprtift. Diese Reagentien 
zeigen groBe Farbiinderungen je nach Lbsungsmittel und die Chelate 
sind ebenfalls solvatochrom, obwohl sie in den meisten gebrtiuchlichen 
Liisungsmitteln unloslich sind. Reagentien mit einer 2rMethylgruppe 
neben dem chelatbildenden Zentrum f&llen kein Ahuninium: dieser 
Effekt kann als Farbreaktion auf Aluminium verwendet werden. 
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Rt%um&On a prepare, caracterise, et essaye les composes du titre et 
des substances apparent&x comme agents chelatants dormant des 
solvats colon%. C’es reactifs presentent d’importantes variations de 
couleur en fonction du solvant, et les chelates, quoique insolubles dans 
les solvants les plus usuels, sont egalement “solvatochromes.” Les 
reactifs qui ont un groupement 2-methyl adjacent au centre chelatant 
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SHORT COMMUNICATIONS 

Bisbiacetylmonoxhe-ethylenedi-imine and bisbiacetylmonoxime-o-phenylenedi-imine 
as new gravimetric reagents for nickel and palladium 

(Received 14 March 1963. Accepted 19 November 1963) 

VICINAL diketone dioximes are among the most important organic reagents used in inorganic analysis. 
Dimethylglyoxime was the first dioxime to be used, as a reagent for nickel and palladium by 
Tschugaeff,’ and since then a large number of dioximes have been prepared and tested as analytical 
reagents.2-7 

It has been well established that the tautomeric form of the oximes (nitrone form) is responsible 
for the formation of metal complexes8 and that the metal involved forms four nitrogen-metal bonds 
in the dioxime complex. Pfeiffer* has shown that if one of the oxime groups is replaced by the imino 
or methyl-imino group, complex formation occurs in the same fashion. Certain other reagents 
giving rise to a five-membered chelate ring with the nickel ion and having two co-ordinating nitrogen 
atoms have a highly selective action towards nickel, the group responsible for the formation of such 
complexes being 
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A possibility exists of condensing diketone monoximes, such as biacetylmonoxime, with certain 
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diamines, such as ethylenediamine and o-phenylenediamine, giving rise to the corresponding di-imines. 
These compounds should have two salt-forming and two co-ordinating nitrogen atoms and give rise 
to tetradentate ligands. 

The above possibility has now been verified experimentally and the new reagents, bisbiacetyl- 
monoxime-ethylenedi-imine(1) and bisbiacetylmonoxime+phenylenedi-imine( form precipitates 
with nickel and palladium ions in which the metal and the reagent are present in the ratio of 1: 1. 
As with other dioximes, such precipitates can be used for the gravimetric determination of these 
metal ions. 

647 
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Synthesis of the reagents 
EXPERIMENTAL 

Ten g of biacetylmonoxime9 were dissolved in 100 ml of water, 35 g of ethylenediamine or 5 g 
of o-phenylenediamine were added and the mixture was refluxed for about 1 hr. On cooling in ice, 
colourless crystals separated in the former case and pale yellow crystals in the latter case. Both 
compounds were recrystallised from ethanol:- 

Compound I: m.p. 242” (with decomposition); 23.8 % of N found, CIOHleOPNl requires 24.8 % 
of N. 

Compound II: m.p. 179”; 20.0% of N found, CllHi808Nd requires 20.4% of N. 

Gravimetric determination of nickel and palladium with the proposed reagents 

Reagents. One percent solutions of the reagents (I and II) were prepared in aqueous ethanol. 
A nickel solution was prepared by dissolving 19.735 g of AnalaR ammonium nickel sulphate in 
1 litre of water, and a palladium solution by dissolving 1 g of palladium chloride in 500 ml of water. 
The strengths of the nickel and palladium solutions were checked gravimetrically using dimethyl- 
glyoxime.’ 

Procedures. To an aliquot of the nickel solution containing hydrochloric acid an excess of the 
reagent (I or II) was added, followed by aqueous ammonia till the solution became slightly ammoniacal. 
The red precipitate of the nickel complex obtained with both reagents was filtered using sintered 
glass crucibles and dried at 110” for 1 hour. 

In the case of palladium a yellow precipitate was formed with both reagents in the presence of 
hydrochloric acid and it was determined in a similar way to that with the usual dioximes.P 

By analogy with the dioxime complexes of nickel and palladium, the following structures have 
been assigned to the complexes with I and II: 

Some typical results of determinations with the new reagents are given in Table I. Compound II 
has a more favourable conversion factor than dimethylglyoxime. 

TABLE I 

Determination of Nickel 

Ppt., mg 
Ni, mg 

- Error, % 
Found Taken 

Compound 211.7 43.95 43.87 O-18 
I 175.5 36.43 36.35 0.22 

Compound 177.4 31.49 31.42 0.23 
II 185.5 32.92 32.90 0.10 

Determination of Palladium 

Compound 
I 

Compound 
II 

Qt., mg 

205.8 
185.9 

223.0 
212.5 

Pd, mg 

Found Taken 

76.26 76.18 
59.99 60.12 

62.84 62.95 
59.87 59.75 

Error, % 

o-10 
o-21 

0.18 
0.20 
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TABLE II 

649 

Metal ion 
Mole ratio of 

Ni : other metal 

Fe” 1:l 
Fe”’ 1 :l 
Co” 1:l 
Cu” 1:l 
Cars, Mgx’ 1:2 
Zn” 1:2 
&III 1:0*5 

Masking agent 

Acetate 
Tartrate 
Cyanide 
Acetate 

Remarks 
___- 

Any Fe”’ first reduced 
Any Fe” first oxidised 

- 
- 

Acetate 
Unsatisfactory 

- 
Prior separation 

necessary 

Effect of foreign ions. Although the proposed reagents are highly selective for nickel, some 
metals interfere in its quantitative determination. These should either be removed by a prior 
separation or masked by suitable a ents (see Table II). 
place in an acidic medium, most o P 

Because the precipitation of palladium takes 
the common metals do not interfere. 
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Summary-The condensation products of diketone monoximes with 
diamines have been shown to form precipitates with nickel which 
contain metal and reagent in the ratio 1: 1, and can be used for the 
gravimetric determination of nickel, 

Zusammenfassassun8-Es ist gezeignet worden, dass die aus Diketon- 
monoximen und Diaminen entstehenden Kondensationsprodukte mit 
Nickel Niederschliige bilden, welche Metal1 und Reagens in Verhiiltnis 
1 :l enthalten. Diese konnen zur gravimetrische Nickelbestimmung 
dienen. 

R&surn6-Les monoximes de dicetones reagissent avec les diamines en 
produisant des composees qui donnent avec le nickel des complexes 
dont la composition metal : nickel egal est a 1: 1. Ces complexes 
peuvent &re utilisQs pour le dosage du nickel. 
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Amperometric determination of lanthanum as molybdate 

(Received 19 April 1963. Accepted 25 November 1963) 

IN an earlier publication’ the authors studied the reaction of lanthanum nitrate with sodium molybdate 
and some of its analytical applications by e.m.f. measurements. The present investigation was 
undertaken with a view to substantiating the earlier results and to studying the possibility of develop- 
ing the reaction as an analytical method for the determination of lanthanum. 
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Reagents 
EXPERIMENTAL 

Merck’s guaranteed extra pure lanthanum nitrate and sodium molybdate were used and their 
solutions prepared in air-free conductivity water. The lanthanum solution was standardised 
potentiometrically as oxalate2 and the molybdate solution as the 8hydroxyquinoline complex.s 
The pH of the lanthanum and molybdate solutions, measured by means of a glass electrode, was 
5.3 and 7.4, respectively. 

Apparatus 

A manual polarograph with scalamp galvanometer as a current recorder was used for the 
amperometric titrations; the dropping mercury cathode was used in conjunction with a saturated 
calomel electrode connected to the electrolysis cell by a low resistance salt bridge. The drop time 
in general was 3-3.5 sec. Both direct and reverse amperometric titrations were carried out at an 
applied potential of -1.5 V (us. S.C.E.). At this potential the lanthanum ion yields a diffusion 
current proportional to its concentration, while the molybdate ion does not produce any wave in 
neutral or alkaline medium except the residual current of the sodium ion. Twenty ml of either 
lanthanum or molybdate solution containing 0.01% of gelatine were taken in the electrolysis cell 
and the dissolved oxygen removed by bubbling nitrogen through the solution for 10-15 min. After 
each addition of the titrant, the galvanometer deflection was read and the corresponding current 
calculated (corrected for the dilution effecta), then plotted against the volume of titrant added 
(Figs. 1 and 2). The titrations were also performed in the presence of ethanol. The presence of an 
indifferent electrolyte was not found necessary because the sodium nitrate formed during the reaction 

FIG. 1 

0 I 2 3 4 

Volume of Tltront odded. ml 

.-Direct amperometric titrations at an applied potential of - 1.5 V (us. 
1--0~1000M La(NO& added to 20.0 ml of 0.0125M NaBMoO*, 

IIKO0333M La(NO&, added to 20.0 ml of 0.005OM NaBMo04. 

S.C.E.) : 

was quite sufficient to eliminate the effect of migration current. The end-point was obtained 
graphically making allowance for the volume change during the titration. The results are recorded 
in Table I. 

TABLE I.-AIVWEROMETRIC DETERMINATION OF LANTHANUM BY DIRECT AND 

REVERSE METHODS AT AN APPLIED POTENTIAL OF --1.5v (VS. S.C.E.) 

Present, 
gllitre 

Direct titration 

Lanthanum 

Found, 
gllitre 

Error, 
% 

Reverse titration 

Lanthanum 

Present, Found, Error, 
gllitre g/litre % 

13.900 13.900 0 0.695 0.695 0 
4.633 4.5766 1.22 0.278 0.2795 0.54 
3.089 3.0482 1.33 O-1853 0.1824 1.56 
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DISCUSSION 

Figs. 1 and 2 represent direct and reverse amperometric titrations between lanthanum nitrate 
and sodium molybdate in aa aqueous medium in the absence of any supporting electrolyte. In the 

300 
r 

Volume of Titrant added, ml 

FIG. 2.-Reverse amperometric titrations at aa applied potential of - 15 V (us. S.C.E.): 
I-O~lOOOM Na,MoO, added to 20.0 ml of 0405OM La(NO&, 

11-0.0333M Na,MoOd added to 2@0 ml of 0.0020M La(N03,. 

direct titrations (Fig. 1) when lanthanum nitrate is the ‘titrant,’ at an applied potential of -1.5 V 
molybdate ions do not produce any measurable diffusion current aad hence no change in the value of 
current is observed on the addition of the lanthanum salt till the stoichiometric end-point, where a 
molecular ratio for Las+ : MoOda- of 2:3 is reached, after which the diffusion current from the lan- 
thanum ions increases with the addition of the latter. 

In the reverse titrations (Fig. 2), addition of the molybdate solution causes a decrease in diffusion 
current which is proportional to the decrease in the concentration of lanthanum ions. Beyond the 
end-point when the lanthanum ion concentration becomes zero, the current almost remains constant. 
The amperometric titration curves indicate a sharp break at the point where the molecular ratio of 
Las+: MOO,*- is 2: 3, corresponding to the formation and precipitation of normal lanthanum 
molybdate, La,O,*3MoO,, at pH 5-6 (this pH results from the reactants themselves-see Experi- 
mental). The accuracy and reproducibility of the titrations has been found to be excellent, even at 
low concentrations of lanthanum salt (1 x 10-3M). The presence of ethanol improves the end-point 
slightly because it reduces the solubility of the precipitated compound. 

The quantitative precipitation of lanthanum as molybdate at pH 5-6 can be used for the 
amperometric determination of this metal at aa applied potential of -1.5 V (us. S.C.E.). The 
method is simple, rapid, accurate and permits the determination of small quantities of lanthanum. 
Cations which form precipitates with alkali molybdate, e.g., silver, cadmium, ceriumm, thoriumrv, 
mercury1 and mercury~1, and anions which react with lanthanum, e.g., vanadate, tungstate and 
chromate, interfere and must be absent. The formation of normal lanthanum molybdate as obtained 
from electrometric result9 has now been confirmed by amperometric titrations. 

Chemical Laboratories 
Government College 
Kota, Rajosthan, India 

R. S. SAXENA 
M. L. MITTAL 

Sunnnary-The reaction between lanthanum and molybdate ions has 
been followed by means of direct and reverse amperometric titration 
in aqueous and aqueous-alcoholic media at an applied potential of 
-1.5 V (vs. S.C.E.). The amperometric end-point obtained from the 
sharp break in the titration curves occurs when the molecular ratio 
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of La8+:Mo0,*- is 2: 3 and corresponds to the formation and pre- 
cipitation of normal lanthanum molybdate, h0,.3MoO,, at pH 5-6. 
Amperometric titrations yield very accurate and reproducible results 
and offer a simple and rapid method for the determination of lan- 
thanum as molybdate even at low concentrations (1 x lo-*M 
lanthanum nitrate). 

Zusammenfassung-Die Reaktion zwischen Lanthan und Molybdat 
wurde mittels direkter und umgekehrter amperometrischer Titration 
in wiihrigen und wi-i&i&koholischen Medien verfolat. Ein Potential 
von - 1:5 V gegen die gesiittigte Kalomelelektrode~wurde angelegt. 
Der als scharfer Knick in der Titrationskurve sichtbare amnero- 
metrische Endpunkt liegt beim Molverhiiltnis Las+: MoO,~- =’ 2: 3, 
entsprechend der Bildung und Ausfalhmg von normalem Lanthan- 
molybdat La,0,.3MoO, bei pH 5-6. Die apperometrische Titration 
liefert sehr genaue und reproduzierbare Ergebnisse und bietet eine 
einfache und schnelle Methode zur Bestimmung von Lanthan als 
Molybdat selbst bei niedrigen Konzentrationen (1 * 1O-8 M Lan- 
thannitrat). 

R&u&-On a suivi la reaction entre les ions lanthane et molybdate 
au moyen de dosages amp&om&riques direct et inverse en milieux 
aqueux et hydroalcoolique, ii u potentiel applique de -1.5 V (par 
rapport a une &c&ode de reference). Le. point equivalent amp&o- 
metrique, obtenu ii partir de la brisure nette des courbes de dosage, 
apparait lorsque le rapport molt%ulaire Law:M00,~- est 2:3 et 
correspond ii la formation et a la precipitation du molybdate de 
lanthane normal, La,Os, 3MoO,, a pH 5-6. Les titrages amp&o- 
metriques donnent des r&hats trbs p&is et reproductibles et offrent 
une methode simple et rapide de dosage du lanthane a l’etat de molyb- 
date, m&me % de faibles concentrations (1 x 10-s M de nitrate de 
lanthane). 

REFERENCES 

x R. S. Saxena and M. L. Mittal, Actu Chim. Acud. Sci. Hung., 1962,34, 193. 
a I. A. Atanasiu, 2. analyt. Chem., 1938, 112, 19. 
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Phase titrations-IV:* New applications including the assay of water in pyridine 

(Received 7 May 1963. Accepted 19 June 1963) 

RECENTLY Barreto and Barreto have described a convenient spectrophotometric method for the 
assay of water in organic solvents. 1 It is based on the development of a purple colour when an organic 
solvent containing a small amount of water is added to a solution of chloranilic acid in absolute 
ethanol. 

The authors point out that the new method cannot be used for the assay of water in nitrogen- 
containing solvents, such as pyridine, because they react with chloranilic acid. We therefore suggest 
the use of phase titrations to supplement the chloranilic acid method, because these are applicable 
to problems to which the latter method is not. The assay of water in pyridine is given below as an 
example of the application of phase titration to nitrogen-containing solvents. 

The theory, optimum titration conditions and pertinent references are given in the previous 
papers in this series,2s* 

Results for 18 new binary solutions of organic solvents which have been analysed by phase 
titration with water are also included. 

* Part III, Tukzntu, 1964, 11, 507. 
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Reagents 
EXPERIMENTAL 

Reagent-grade methanol, acetic acid (96%) and acetone, were obtained from E. Merck A.G., 
Darmstadt. Reagent-grade dioxan and 1,Zdibromoethane were obtained from Fischer, Fair Lawn, 
New Jersey, U.S.A. Bromobenzene was a Fischer purified laboratory chemical. Chloroform puriss., 
was obtained from Hoechst, Frankfurt (M.). Chemically purepyridine and isoproponol of unspecified 
grade were obtained from Riedel De Ha& A.G., Seelze-Hannover. Etbunol(966%) was obtained 
from Tekel Idaresi, Istanbul. Distilled water was used throughout. 

Procedure 

six known binary solutions of pyridine and water were titrated with chloroform to obtain a 
calibration curve of the titre as a function of the volume per cent of the water in pyridine. Synthetic 
unknown solutions were analysed by comparison with it. Details of the procedure are given in the 
hrst paper of this series.* 

RESULTS AND DISCUSSION 

preliminary tests were made on a number of solvents to determine which would be the best 
t&ant. Chloroform was selected and proved to be excellent although benzene, nitrobenzene and 
dichloroethane were also promising; bromobenzene, carbon tetrachloride, acetophenone and cycle- 
hexane were not. 

A typical end-point (20% water-80% pyridine) was investigated with a Zeiss PMQ II spectra- 
photometer. Plotting absorbancy, i.e., turbidity, as a functton of ml of titrant gave the curve shown 
in Fig. 1. The earliest phase separation is not easy to observe and takes place before the solution 
becomes definitely turbid. Hence all solutions were titrated beyond the point of tlrst phase separation 
to a point at which the increase in turbidity is greater and correspondingly more reproducible. 

Eighteen samples, containing 1040% of water in pyndme were titrated with chloroform. The 
average error was 0.07 absolute %; the maximum error was 0.2 absolute %. The end-point was 
good to excellent throughout the optimum titration range of 8-45 % water in pyridine. 

The accuracy is considerably better than with the chloranilic acid method (relative mean deviation 
1.5 %, maximum deviation 2.5 %) but the present method suffers from the drawback that a suitable 
&ant must be found for each new system. A less suitable t&rant would have given a less distinct 
end-point and a corresponding reduction in accuracy. The criteria for suitable titrants have been 
discussed.’ 

I.0 - 

02- 
First phase 

separatlan 

\4/ 

I I I I 
Jnd point 

, 
I 2 3 4’ 5 

Chlorofwm, ml 

FIG. 1 .-Absorbancy at 500 mp, resulting from 
turbidity, of a solution of water in pyridine 

titrated with chloroform. 
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The assay of water in solvents by phase titration is based on the same principle as the well known 
cloud-point method .4,6 In the cloud-point method, a standard amount of an insoluble component 
is added to a binary mixture of water and some solvent. The temperature at which opalescence 
appears is then compared with a calibration curve of the temperature of opalescence as a function 
of composition. We believe that phase titration has the advantage over the cloud-point technique 
in simplicity and speed because it is easier to carry out a titration than to control and adjust the 
temperature of a system. 

If only a few samples are to be analysed, however, the cloud-point technique has the advantage 
that the calibration curve need not be made anew, provided that the chemical composition of the 
insoluble component can be reproduced exactly. o Reported results for the cloud-point technique 
show greater accuracy (0.01-0.02% error) than those for phase titration. 

TABLE I.--&?SJL'l3 FOR THE TITRATION OF 18 HOMOGENEOUS BINARY 

SYSTEMS WITH WATER 

Optimum Number Average 
Sample range, of absolute 

% titrations error, % 
- - 

Bromobenzene-methanol 2-25 12 0.09 
Bromobenzene-ethanol 3-33 12 0.04 
Bromobenzene-isopropanol 7-45 12 0.12 
Bromobenzene-dioxan 2-20 12 0.07 
Bromobenzene-acetone 2-25 12 0.05 
Bromobenzene-acetic acid 2-23 10 0.10 

Chloroform-methanol 
Chloroform-ethanol 
Chloroform-isopropanol 
Chloroform-dioxan 
Chloroform-acetone 
Chloroform-acetic acid 

8-60 15 0.13 
1 l-50 12 0.12 
12-40 12 0.06 
4-20 9 0.16 
4-30 12 0.09 

lo-50 11 0.13 

1,2-Dibromoethane-methanol 2-25 12 0.06 
1,2-Dibromoethane-ethanol 2-20 12 0.07 
1,2-Dibromoethane-isopropanol 5-25 12 0.09 
1,2-Dibromoethane-dioxan 2-15 12 0.06 
1,2-Dibromoethane-acetone 3-20 12 004 
1,2-Dibromoethane-acetic acid 3-25 12 0.13 

The end-point was indicated by the appearance of a distinct 
permanent turbidity. Titrations and determination of the calibration 
curve were carried out on the same day. 

Table I shows the results for the phase titration of 18 new binary solutions of organic solvents 
using water as the titrant. The optimum titration range varies slightly with ambient temperature. 
Binary solutions in which dibromoethane was one component showed good end-points; those with 
bromobenzene showed excellent end-points: those with chloroform were good in the middle but 
fair to poor at the extreme ends of the optimum titration range. The end-point appears somewhat 
more slowly (0*5-min pause) in isopropanol solutions, probably because of the relatively high vis- 
cosity of isopropanol. 

Acknowledgement-The authors gratefully acknowledge the assistance of the Society of Sigma Xi 
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Summary_-The assay of water in organic solvents by means of phase 
titration has been discussed in relation to the chloranilic acid method 
of Barreto and Barreto (Analyt. Chim. Acfa, 1962, 26, 494) and the 
older cloud-point technique. Results are given for the titration of 
water-pyridine solutions with chloroform, as representative of the 
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phase titration of a nitrogen-containing compound to which the 
chloranilic acid method is inapplicable. In addition, results are given 
for the phase titration of 18 new binary solutions using water as the 
titrant. They are bromobenzene, chloroform and 1,2-dibromoethane, 
each in binary solution with methanol, ethanol, isopropanol, dioxan, 
acetone and acetic acid. 

Znsamrnenfassnng-Die Bestimmung von Wasser in organischen 
Liisungsnittehr durch Phasentitration wird im Vergleich zur Chlor- 
anilsiiure-methode von Baretto und Baretto und der alteren Trtibungs- 
methode diskutiert. Daten werden angegeben fur die Titration von 
Wasser-Pyridin-Mischungen mit Chlo;oTorm als Beispiel ftir die 
Phasentitration einer stickstoffhaltiaen Verbinduna. auf die die 
Chloranilsibtremethode nicht anwendvbar ist. Fernerwerden Ergeb- 
nisse von Phasentitrationen mit Wasser als Titrant an 18 neuen 
bin&en Mischungen angegeben. Es handelt sich urn Brombenzol, 
Chloroform und 1,2-Dibromlthan in Mischungen mit Methanol, 
Ethanol, Isopropanol, Dioxan, Aceton und Essigsaure. 

R&m1e4_a determination de l’eau dam les solvants organiques au 
moyen du dosage de phase a et& d&u& en relation avec la m&ode 
a l’acide chloranilique de Baretto et Baretto et la methode ancienne du 
point de trouble. Les resultats ont et& don& pour des solutions 
eau-pyridine aver le chloroforme comme exemple de dosage de phase 
des composts contenant de l’azote, et pour lesquels la methode a 
l’acide chloranilique est inaplicable. De plus, les resultats concemant 
le dosage de phase de 18 nouvelles solutions binaires utilisant l’eau 
comme agent titrant sont don&es; ce sont: le bromobcnz&re, le 
chloroforme, le dibromo-1,2-&hane en binaire respectivement avec 
le methanol, l’bthanol, l’isopropanol, le dioxane, Pa&tone et l’acide 
acetique. 

Chemistry Department 
Robert Kolej, Bebek 
Istanbul, Turkey 

D. W. ROGERS* 
A. ~ZSC&MONYAN 
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A simple method for the determination of carbon in uranium 
and plutonium carbides 

(Received 8 October 1963. Accepted 7 November 1963) 

INTRODUCTION 
ON account of their high thermal conductivity, metal density and melting point, and temperature 
stabilitv. carbides of uranium and nlutonium have been considered as notential fuels for nuclear 
reacto& It is often necessary to t&d the carbon content of these carbid’es; this may be present as 
both combined carbon and free carbon. The total carbon is determined by combustion at a high 
temperature in a stream of oxygen, and the carbon dioxide thus evolved is measured either mano- 
metrically,l-s gravimetrically by absorption in soda asbestos,4 conductometrically6*6 or titrimetrically 
by absorption in standard barium hydroxide solution. ‘,* The free carbon is separated from the 
sample by dissolving it in hydrochloric acid; the insoluble part, being free carbon, is determined 
in a similar way.4a8 

* Present address : Chemistry Department, Long Island University, Brooklyn 1, New York, 
U.S.A. 
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A simple method for the determination of carbon in uranium 
and plutonium carbides 
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INTRODUCTION 
ON account of their high thermal conductivity, metal density and melting point, and temperature 
stabilitv. carbides of uranium and nlutonium have been considered as notential fuels for nuclear 
reacto& It is often necessary to t&d the carbon content of these carbid’es; this may be present as 
both combined carbon and free carbon. The total carbon is determined by combustion at a high 
temperature in a stream of oxygen, and the carbon dioxide thus evolved is measured either mano- 
metrically,l-s gravimetrically by absorption in soda asbestos,4 conductometrically6*6 or titrimetrically 
by absorption in standard barium hydroxide solution. ‘,* The free carbon is separated from the 
sample by dissolving it in hydrochloric acid; the insoluble part, being free carbon, is determined 
in a similar way.4a8 
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U.S.A. 
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The present paper describes a simple method in which both combined and free carbon are deter- 
mined in the same sample by taking advantage of their combustion at different temperatures. 

PREPARATION OF THE CARBIDES 

Well-powdered mixtures of UsO, and graphite were heated in an atmosphere of argon in a 
high-current graphite-resistor furnace to 1600” for the formation of mainly uranium monocarbide, 
and to 2400” for the formation of mainly uranium dicarbide. Carbides of plutonium were likewise 
prepared by heating, at 2400”, a well-powdered mixture of PuO, and graphite. The carbide pellets 
were powdered in an argon atmosphere, and were stored dry in ground-glass stoppered tubes filled 
with argon. 

THERMOGRAVIMETRIC ANALYSIS 

Ten mg of the carbide under investigation were loaded on to the pan of a silica spring thermo- 
balance,9 and the weight changes in air were observed as a function of temperature; the rate of 
heating of the furnace being S”/min. Uranium carbides started to decompose at 250”; for plutonium 
carbides the temperature was 300” (Fig. 1). The weight of the sample increased, showing the forma- 
tion of oxide from the carbide. There was no change in weight for either carbide between 500 and 
600”, which showed that the carbides are oxidised below 500”. Above 600” there was a loss of weight 
from the oxidation of free carbon; and at 800” there was complete combustion of carbon, leaving the 
metal oxides. This behaviour clearly showed the possibility of determining combined carbon in a 
combustion tube heated at 500”, and free carbon by heating the same sample above Soo”, in each case 
determining the carbon dioxide evolved. 

I I , I I I I I 

100 200 200 boo 600 600 700 000 

TCWPLRATURE. VT 

FIG. 1 

DETERMINATION OF CARBON 

The carbide sample (2-10 mg), weighed in a platinum microcombustion boat, was placed in a 
quartz combustion tube and heated at 500” for 45 min, passing a current of oxygen, purified by a 
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U-tube packed with “Carbosorb” (soda asbestos) and Anhydrone, through the combustion tube at 
the rate of a few bubbles per set as counted by a sulphuric acid bubbler. The liberated carbon dioxide 
was absorbed in two conical flasks, each containing 10 ml of 405N barium hydroxide solution. 
The carbon dioxide was determined by titrating the excess barium hydroxide against standard 
hydrochloric acid solution from an Agla microsyringe, using phenolphthalein as indicator. The 
same sample was thereafter heated at 900” for 45 min, and the liberated carbon dioxide was again 
determined. All titrations were performed in a nitrogen atmosphere to prevent absorption of any 
atmospheric carbon dioxide. The results are given in Tables I and II. 

TABLE I.-ANALYSIS OF URANIUM CARBIDES 

Combined carbon* Free carbon 
No. Wt. of sample, ------____- -__~____ 

mg n4e % mg % 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 

10.66 08868 8.32 
15.32 1.2852 8.39 
7.13 0.5940 8.33 
8.71 0.6948 8.00 
7.36 06000 8.17 

11.93 0.9720 8.15 
12.37 1.0200 8.25 
12.20 1.0080 8.26 

Average 8.23 
Standard deviation 1.6% 

01128 
0.1488 
0.0756 
0.0864 
0.0756 
0.1236 
0.1260 
0.1200 

1.06 
0.97 
1.06 
0.99 
1.03 
1.04 
1.02 
0.98 
1.02 
3.2% 

TABLE II.-ANALYSIS OF PLUTONIUM CARBIDES 

Combined carbon* Free carbon 
No. Wt. of sample, --____ ____ 

mg mg % qy % 

1. 
2. 
3. 
4. 
5. 
6. 

493 04464 905 0.2376 482 
3.85 0.3504 9.10 0.2076 5.39 
3.59 0.3300 9.19 0.1776 4,95 
2.81 0.2580 9.18 0.1530 5.34 
2.505 0.2244 8.96 0.1284 5.13 
2.595 0.2364 9.11 0.1332 5.13 

Average 9.10 5.13 
Standard deviation 0.3% 3.9% 

TABLE III.-URANIUM CARBIDES 

Differential temperature Conventional method 
method 

Wt. of sample, - 

mg Combined Free Free carbon, 
carbon*, % carbon, % % 

10.230 4.52 9.36 
6.470 430 9.16 
5.075 4.47 9.15 
6.395 8.88 
7.420 9.12 

* Based on the total weight of sample. 

COMPARISON WITH CONVENTIONAL METHOD 

To test the reliability of this method, samples of uranium and plutonium carbides were analysed 
by the new and the conventional methods. and the results were compared. In the conventional 
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method, the weighed sample was heated with 5M hydrochloric acid for 2 hr to decompose the carbide. 
The free carbon, which remains unaffected, was centrifuged, washed thoroughly with water, alcohol, 
acetone and ether to remove the solid and liquid hydrocarbons, and determined as described earlier. 
The results are given in Tables III and IV. 

TABLE IV.---PLUTONIUM CARBIDES 

Differential temperature 
method Conventional method 

Wt. of sample, _____- --__ 

mg Combined Free Free carbon, 
carbon,* % carbon, % % 

-- - 
3.200 9.04 8.25 
4.120 8.62 8.27 
3.760 9.00 8.04 
2.25 8.27 
2.05 8.20 

* Based on the total weight of the sample. 

CONCLUSION 
The conventional method for the determination of combined carbon and free carbon requires 

two samples, and the value for combined carbon is obtained by taking the difference between the total 
carbon present and the free carbon determined separately. The error in this method is, therefore, 
likely to be greater. In the present method, both combined and free carbon are determined separately 
in the same sample, thus saving time and reducing the error. 

Sunnnary-A simple method for the determination of combined and 
free carbon in the carbides of uranium and plutonium is based on the 
examination of the oxidation of carbide and free carbon thermo- 
gravimetrically. The combined carbon (carbide) oxidises to carbon 
dioxide in air below 500” while the free carbon oxidises above 600”. 
This allows the determination of both combined and free carbon in a 
single sample, using a furnace tube and a conventional method for 
carbon dioxide. 

Zasanunenfassung-Eine einfache Methode zur Bestimmung von 
gebundenem und freiem Kohlenstoff in den Carbiden von Uran und 
Plutonium wird beschrieben, die auf der thermogravimetrischen 
Untersuchung der Oxydation von Carbid und Kohlenstoff beruht. 
In Carbiden gebundener Kohlenstoff verbrennt an der Luft unter 
500°C zu Kohlendioxyd, der freie Kohlenstoff erst iiber 600°C. Dies 
erlaubt die Bestimmung von gebundenem und freiem Kohlenstoff in 
einer Probe in einem Riihrenofen mit einer gebrauchlichen Bestim- 
mungsmethode filr Kohlendioxyd. 

R&u&--Gn d&it une methode simple pour le dosage du carbone 
combine et libre dans les carbures d’uranium et de plutonium, basQ 
sur l’observation de I’oxydation du carbure et du carbone libre au 
moyen de la methode thermogravimetrique. Le carbone combine 
(carbures) est oxyde a l’air en gaz carbonique en dessous de 500°C 
cependant que le carbone libre s’oxyde au-dessus de 600°C. Ceci rend 
possible les dosages du carbone combine et du carbone libre dans un 
seul echantillon, par I’emploi d’un four tubulaire et d’une methode 
usuelle de dosage du gaz carbonique. 

H. D. SHARMA 

Radiochemistry and Isotope Division 
Atomic Energy Establishment Trombay 
Bombay, India 
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Possibility of automation of potentiometric EDTA titrations 

(Received 23 October 1963. Accepted 4 December 1963) 

IN many laboratories automatic and semi-automatic apparatus is in use for the simpler types of 
titration, e.g., of acids, bases and halides. Because there are also many examples of metal titrations 
which have to be carried out daily, it was considered worthwhile to investigate the possibilities 
of automation in this field. Very little has been reported on this subject, so far. Haslam et al.’ 
described an automatic titration of the hardness of water using an amalgamated silver rod as the 
indicator electrode. Lacye recently published a photometric titration for the semi-automatic deter- 
mination of hardness in water. 

We have investigated the possibility of automation of the complexometric titration of some 
ZO-mostly common-metals for which well-established titration curves were available from earlier 
work on manual titrations. These examples include direct and back-titrations-the latter with a 
copper solution as the titrant-in three different pH ranges that are easy to establish. The work is 
certainly not exhaustive in the sense that many other possibilities undoubtedly exist. 

EXPERIMENTAL 

Apparatus 

Experiments have been carried out with the aid of the well-known Beckman model K titrator, 
which could be used without modification. An amalgamated gold wire served as indicator electrode, 
and a saturated potassium chloride calomel electrode as reference. The amalgamated gold wire was 
prepared by immersing 3 cm of the top part of a pure gold wire (24 carat, length 10 cm, diameter 
1.5 mm) for some min in pure mercury. The electrode had to be cleaned frequently with fine emery 
paper and re-covered. The calomel electrode was connected with the solution by means of a potassium 
nitrate/agar bridge. pH values were checked by means of a pH meter, but a good grade of pH paper 
would have been satisfactory in most cases. 

The model K titrator is equipped with an “anticipation circuit” which smooths the approach to 
the end-point of a titration. The number of titration increments is regulated by a dial, the correct 
setting of which has to be determined for each kind of titration. This is especially important for 
electrochemical reactions at the mercury electrode which do not proceed instantaneously.a 

Reagents 

The titrants for direct and back-titrations were O.OlM standard solutions of EDTA and of copper 
nitrate, respectively. The buffers were (a) 10 g of sodium hydroxide with 28 ml of glacial acetic acid 
diluted to 500 ml with water (acetate buffer), and (b) 8 g of ammonium nitrate with 55 ml of 25 % 
aqueous ammonia diluted to 1 litre with water (ammonium buffer). Nitric acid and potassium 
hydroxide were used to adjust the pH when necessary. A 0.OOSM solution of mercury-EDTA was 
prepared by mixing a 0.01 M solution of mercuryrt nitrate with an equal amount of O.OlM EDTA 
and then adjusting to pH 4. All reagents were analytical grade. 

Procedure 

Titrations were carried out in 250-ml beakers in which 20 ml of an approximately O.OlM metal 
solutiont were diluted with water to 100 ml. Four drops of 0.005M mercury-EDTA solution were 

t Chlorides and sulphates must be absent because they interfere with potentiometric determina- 
tions using the mercury electrode. 
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t Chlorides and sulphates must be absent because they interfere with potentiometric determina- 
tions using the mercury electrode. 
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added and the pH established at the values given in Table I. For the lower pH range this was effected 
with nitric acid, for the pH range 4 to 6 with 10 to 15 ml of acetate buffer and for the higher range 
with 10 to 15 ml of the ammonium buffer. The correct end-point was derived from curves obtained 
by manual potentiometric titrations using the same electrochemical system; the values are given in 
Table I. The “anticipation” used is also given in the table. In the case of back-titrations (Bin Table I), 
an excess of O.OlM EDTA was added to the beaker before titration with copper nitrate solution. 

RESULTS AND DISCUSSIONS 

Table I contains data on the accuracy of the 18 automatic titrations that were investigated. The 
standard deviations are calculated from seven-fold titrations in pure single metal-ion solutions. The 
accuracy has been determined at optimum and carefully controlled pH values. 

TABLE I.-ACCURACY OF AUTOMATIC EDTA TITRATIONS 

WITH THE BECKMAN MODEL K TITRATOR 

Direct (D) Setting of Standard 
or back (B) end-point, Setting of Optimum deviation, 

Metal titration f?lV& anticipationb pH value mlc 

Bi 
Fe 

Hg 
In 
Th 
Cd 
cu 
Pb 
Zn 
Al 
Ni 
Ba 
Ca 

Mg 
Sr 
co 
Cr 
Mn 

D 
D 
D 
D 
D 
D 
D 
D 
D 
B 
B 
D 
D 
D 
D 
B 
B 
B 

+360 1.5 1.7 0.01 

t360 2.5 1,8 0.05 
+385 2.5 1.9 0.03 
$360 2.5 1.5 0.03 
+340 2.5 l-6 0.06 
t210 3.5 4,5 0.01 
-t220 3-o 4.6 0.04 

+230 3.0 4.5 0.02 
f220 3.0 4.6 0.03 
+220 6.0 4.8 0.03 

+230 6.0 4.7 0.08 
-12 2.0 10.0 0.10 

-50 2.0 10.2 0.05 

-55 2.0 9.9 0.13 
-65 2.0 10.0 0.09 

-40 3.0 10.2 0.04 
-40 3.0 10.0 0.04 
-35 3.0 10.1 0.07 

a Vs. saturated potassium chloride calomel electrode. 
b These figures refer to our instrument. It may be necessary to alter them 

for other apparatus. 
c Ml of 0.OIM t&rant, viz. EDTA solution for direct and copper nitrate 

solution for back-titrations, calculated from a seven-fold titration. 

Table II compares the accuracies of automatic titrations with those of manual titrations found in 
earlier work. In the case of zinc there is only a negligible difference in accuracy; for magnesium 
the difference is a little larger. The automatic procedure might have been expected to be less accurate, 

TABLE II 

Standard deviation, ml 

Metal Automatic Manual 

Zn o-03 0.02 
Mg 0.13 0.035 
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but the difference actually found is surprisingly small and proves the feasibility of the automatic 
method. Even in the case of magnesium the relative error is less than 1% when 20 to 25 ml are 
titrated. 

In general it can be said-and this is illustrated by the figures in Table l-that if the titration 
curve shows a slight jump, the automatic titration is least accurate. Such curves occur, for 
instance, when the apparent stability of the metal-EDTA complex to be formed is lower than, say 
lo@. At the pH applied this is the case for barium (K* = lo’), magnesium (K* = 108) and strontium 
(K* = 103. Also a curve with a flat top part (e.g., that for thorium) is unfavourable for automatic in- 
dication of the end-point. Finally, back-titrations will tend to be somewhat less accurate, because two 
measurements of volume are necessary. 

For work of a routine character, e.g., plant control, it is important to know how far variations in 
the prescribed titration conditions (dial settings, pH, salt concentration) will affect the accuracy. It 
has been found that the end-point potential must be set precisely because even small deviations may 
cause the titration result to be very inaccurate. This is caused by the steep fall or rise of the curves 
in the region of the equivalence point and their sometimes peculiar shape. This effect can, to a certain 
extent, be compensated by a high “anticipation”, but then titrations become very slow. A low 
setting of the “anticipation” may lead to overshooting of the end-point and it sometimes renders 
titration impossible because the apparatus does not stop at all. 

It is evident that a lower pH value than prescribed will cause errors because this leads to a lowering 
of the apparent stability of the metal-EDTA complex concerned, which degrades the titration curves. 
It has been found that for the medium pH range errors will in the majority of cases not exceed 
x~O-2 ml of titrant when the pH is maintained between 4.0 and 6.0. Especially for the alkaline range, 
however, large errors must be expected when the pH deviates only a few tenths from the prescribed 
value. 

The quantity of neutral salt in the titration solution was found not to be very critical. A high 
concentration leads to a slight shift of the titration curves because of a change in activity coefficients. 
Titration errors were serious only in the case of the poorest curves. In titrating 100 ml of a 0.002&f 
solution of calcium ions to which 5 g of potassium nitrate had been added the result was 6% low 
(1.21 ml of O.OlM EDTA). For many other metals the difference was less than 0.2 ml. 

The possibility of applying the automatic technique to samples that contain more than one metal 
will have to be studied for each individual case. An example is the determination of the hardness of 
water which essentially is the titration of the sum of calcium and magnesium. In a four-fold automatic 
titration of the hardness of tap water we found: 15.59, 15.56, 15.68 and 15.52”G.H., respectively. 
The extreme values differ by only lx, which is very reasonable. 

KoninkliikelShell-Laboratoriutn. Amsterdam 
Badhui&eg 3, Amsterdam-N 
Netherlands 

R. C. SCHONEBAUM 
E. BREEKLAND 

Summary-Experiments are described which show that many metals 
can be determined in a simple way with the aid of the Beckman model 
K automatic titrator. As regards accuracy, the method is in many 
cases practically on a par with manual titrations. 

Zusammenfassuug_-Es wird experimentell nachgewiesen, dass sich 
viele Metalle mit Hilfe eines automatischen Titrationsapparates 
(Beckmann, Model1 K) einfach bestimmen lassen. In vielen Fallen 
ist die erzielte Genauigkeit der bei manuellen Titrationen erreichten 
praktisch gleich. 

R6sutn~Des exp&iences demontrent que nombre de m6taux peuvent 
etre doses dune man&e simple a l’aide de l’appareil de titration auto- 
matique Beckman, modele K. La precision atteinte est en beaucoup 
de cas Cquivalente a celle obtenue dans les titrations manuelles 
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Zur Kenntnis der Gibbs’schen Farbreaktion auf Phenole 

(Eingegangen am 13 November 1963. Angenommen am 18 November 1963) 

DER von Gibbs1 entdeckte Nachweis von Phenol mit 2,6-Dibrom-p-benzochinon-4-chlorimin bernht 
auf der Kondensation : 

Br 

Br ‘Br 

wobei durch gleichzeitige oder nachtragliche Alkalisierung (Natronlauge, Natriumcarbonat, Natrium- 
bicarbonat, Ammoniak, Borax oder Pufferlosungen) ein tiefblaues Produkt entsteht. Gema obiger 
Umsetzung sollte die Farbreaktion mit allen Derivaten des Phenols eintreten, die eine freiep-Stellung 
be&en. DaJ3 dies jedoch nicht ausnahmslos der Fall ist, hat zuerst Bohdaneckle bei der Salicylsaure 
festgestellt, die nicht reagiert. Da such bei einigen anderen o-substituierten Phenolen mit freier 
p-Steilung die Farbreaktion ausbleibt und somit kein allgemeiner Phenolnachweis moglich ist, mu&e 
die Anwendung des Gibbs’schen Reagens in der Tiipfelanalyse auf bestimmte Falle beschrankt 
bleiben. In Betracht kommt der Nachweis von bei Erwiirmung fltichtigem Phenol, o-Kresol, Thymol, 
Brenzkatechin, Resorcin und Oxin .s Des weiteren ermbglicht der empfindliche Nachweis von 
Phenoldlmpfen den ttipfelanalytischen Nachweis solcher Verbindungen, die bei trockener Erhitzung 
oder durch den Eintritt in chemische Umsetzungen Phenol abspalten.* Schlieblich ist noch der 
Nachweis von Vitamin B, (Adermin) mittels des Gibbs’schen Reagens zu erwahnen.6 

Es wurde festgestellt, da13 im Gegensatz zur Salicylslure das Salicylamid die Gibbs’sche Phenol- 
reaktion zeigt. Dieses verschiedene Verhalten lie0 es wiinschenswert erscheinen, den EinfluB von 
o- und m-stiindigen Substituenten auf den Eintritt der Gibbs’schen Phenoheaktion zu ermitteln. 
Diesbeziigliche Versuche wurden mit 2 %igen Losungen hierhergehiiriger Verbindungen nach fol- 
genden Arbeitsvorschriften durchgeftirt: 

Test 1: Auf Filtrierpapier wurde je ein Tropfen der Probeliisung, enthaltend 1 mg Probe, und 
ein Tropfen der benzolischen Losung von 2,6-Dibrom-p-benzochinon-4-chlorimin bzw. des entrspre- 
chenden 2,6-Dichlorderivates so aufgebracht, dab die beiden Tropfen sich auf dem Papier tiber- 
schneiden. Dann wurde das Papier iiber Ammoniak geriiuchert, wobei bei positiven Ausfall die 
spindelflirmige Uberlappung der durch die zwei Tropfen auf dem Filtrierpapier entstandenen Kreise 
gefarbt wurde. Ein Blindversuch wurde mit dem Reagens und dem Losungsmittel der Probe angestellt. 

Test 2: Wie oben, nur wurde nicht tiber Ammoniak gerluchert, sondem mit Sodalosung 
angetiipfelt. 

Die Uberpriifung von neun m-substituierten Phenolen mit freier p-Stellung (in Tabelle I) hat 

TABELLE I 

Phenol Test 1 Test 2 

o-Kresol + blau + blau 
m-Kresol + blau + blau 
p-Kresol keine Rk. keine Rk. 
Salicylaldehyd + blau keine Rk. 
m-Hydroxybenzaldehyd + blau + blau 
p-Hydroxybenzaldehyd keine Rk. keine Rk. 
o-Nitrophenol keine Rk. keine Rk. 
m-Nitrophenol + blau + blau 
p-Nitrophenol keine Rk. keine Rk. 
Chromotropsaure + blau + blau 
H-Satire _ 
K-Saure 
Resorcin 
Orcin 
Naphthoresorcin 

+ blaugrau 
+ blaugrtin 
+ viole?t 
+ braunviolett 
+ braunviolett 

+ blaugrau 
+ blauariln 
+ violeTt 
+ braunviolett 
+ braunviolett 
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ergeben, da0 diese ausnahmslos die Gibbs&he Farbreaktion zeigen. Abweichungen scheinen 
demnach lediglich bei o-Derivaten zu bestehen, wie folgende Gegeniiberstellung in Tabelle II zeigt. 

Aus Tabelle I und II geht hervor, dab die Gibbs’sche Farbreaktion bei solchen o-substituierten 
Phenolen ausbleibt, die im Substituenten ein am C-Atom bzw. N-Atom doppelt gebundenes Sauer- 
stoffatom enthalten. Diese Konstitution ermbglicht eine Chelatisierung des Wasserstoffs der pheno- 

TABELLE II 

Phenole 
____- 

Phenol 
o-Kresol 
Thymol 
o-Phenylphenol 
Brenzkatechin 
Guajakol 
o-Aminophenol 
Glyoxal-bis-(2-hydroxyanil) 
8Hydroxychinolin 
Salicylaldoxim 
Salicylalhydrazon 
Salicylsaureamid 
Orthoeugenol 
Salicylalanilin 

mit positiver Rk. 

blau 
blau 
blau 
blau 
blau 
blau 
blau 
blau 
blau 
blau 
grtinblau 
blau 
blau 
blau 

mit negativer Rk. 
----~~____ 

Salicylsaure 
Salicylsauremethylester 
SalicylsLureisoamyIester 
Salicylsiiurehydrazid 
o-Nitrophenol 
Salicylaldehyd (mit NHs positiv) 
Orthovanillin (mit NH, positiv) 

lischen Hydroxylgruppe zwischen zwei Sauerstoffatomen, und dies diirfte die Ursache fiir das 
Ausbleiben der Reaktion sein, da in diesen Fallen gar keine phenolische Hydroxylgruppe mehr 
vorliegt : 

Der Eintritt der Gibbs’schen Farbreaktion bei Salicylamid und Salicylanilid ist offenbar dadurch 
su erkliiren, dab in diesen Fallen der Substituent such in einer tautomeren Imidform vorliegt, die 
keinen am Kohlenstoff doppelt gebundenen Sauerstoff enthiilt : 

NH, NH 

Die Tatsache, dab Salicylsaurehydrazid die Gibbs’sche Reaktion nicht zeigt, deutet darauf hin, dab 
bei dieser Verbindung eine dem Salicylamid analoge Tautomerie nicht vorliegt, zumindest nicht in 
dem fur die Kondensation erforderlichem Ausmah. 

Da5 doppelt gebundener Stickstoff die phenolische OH-Gruppe gegeniiber der Gibbs’schen 
Reaktion nicht maskiert, zeigt die Reaktionsfahigkeit von Salicylaldoxim, Salicylalhydrazon und 
I-Hydroxychinolin. Im Einklang damit kaM die Reaktionsunfahigkeit von Salicylaldehyd durch 
Einwirkung von Ammoniakdampf aufgehoben werden, weil hierbei Salicylaldimin entsteht, das kein 
zur Chelatisierung erforderliches Sauerstoffatom besitzt. 

Die Tatsache, daB bei Phenolen mit zur Chelatbildung bef;ihigten Substituenten in o-Stellung die 
Gibbs&he Farbreaktion ausbleibt, ist zur Charakterisierung von Phenolen von Bedeutung. Der 
positive Ausfall der Farbreaktion beweist das Vorliegen von Phenolen mit freier pStellung ohne 
o-st%ndige -CHO,COOH oder -COOR Gruppen. Die Anwesenheit solcher Gruppen is? demnach 
erwiesen, wenn bei positiven Ausfall anderer Nachweisreaktionen auf Phenole mit freier pdtelhtng 
die Gibbs’sche Farbreaktion ausbleibt. Von Interesse ist such die Anwendung der Gibbs&hen 
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Reaktion zur Unterscheidung von gewissen isomeren Derivaten des Phenols. Von Phenolcarbon- 
sluren und deren Estem sowie von Hydroxybenzaldehyd gibt es jeweils drei Isomere, von denen 
lediglich das m-Isomere die Gibbs’sche Reaktion zeigt. 

Laboratorio da Produgao Mineral 
F. FEIGL 

Ministtio da Agricultura 
Rio de Janeiro, Brazil 

Chemisches Laboratorium 
Wien XVIII/l 10 
Teschner 35 
&erreich 

V. ANGER 
H. MJTTERMAIW 

Zusammenfassung-Es wurde der Einfluss von Substituenten auf die 
Reaktionsfiihigkeit von Phenolen gegentiber 2,6-Dibromchinon-4- 
chlorimin bzw. dessen Chloranalogem untersucht. Es zeigte sich, dass 
Substituenten in m-Stellung wenig Einfluss haben, hingegen in 
Orthostellung Substituenten mit einer C=O bzw. N=O Gruppe 
den Eintritt der Reaktion verhindem. 

Summary-The influence of substituents on the reactivity of phenols 
towards 2,6-dibromoquinone4chlorimine and its chloro analogue has 
been investigated. It has been shown that substituents in the m- 
position have little influence, whereas o-substituents with a C==O 
or N=O group prevent the reaction taking place. 

R&urn&On a btudie l’influence des substituants sur la rtactivite des 
phenols vis-a-vis de la 2,6-dibromoquinone-4-chIorimine et de son 
analogue chlore. On a montre que les substituants en meta ont peu 
d’influence, mais que les substituants en ortho, avec un groupe C = 0 
ou N = 0 emp&chent la reaction. 
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LETTERS TO THE EDITOR 

Use of “dead-stop” indication of the end-point in chelometric titrations 
SIR, 

For indicating the end-point of the titration of iron”’ salt with EDTA, we have used the change of 
current in a system of two stationary Pt-microelectrodes at a constant applied potential (dead-stop 
indication).* During the titration of ironnl in acidic unbuffered medium at pH l-1.5, the current 
changes were found to be maximum 0.1 @A) at an applied potential of 1-1.4~. The nature of the 
corresponding titration curves depends on the value of the applied potential, as will be discussed 
later. 

Because indication of the end-point in the titration of ironrIr with EDTA is possible even in a 
medium of 0*2&f HCl, the determination is quite selective. Also, the stabilisation of the current after 
each addition of the titrant is very rapid, in comparison with the same titration carried out under 
potentiometric contro1.l This titration with two Pt electrodes can be used for the indirect determina- 
tion of a series of metals by the back-titration of the excess of EDTA with iron’r’ solution. Pre- 
liminary results have shown also the possibility of a direct titration of Cut’, Tim or UIv with EDTA; 
and in the presence of small amounts of Fen1 with some traces of Fen it is possible to use dead-stop 
indication for the direct titrimetric determination of metals forming very stable complexes with 
EDTA (Th, Zr, etc.) 

Details of this indication, and methods for the determination of some metals will be published in 
this Journal at a later date. 

F. VVDRA 

J. VORL@EK 

* (NOTE ADDED IN PROOF: The course of this titration can also be followed using dead-stop 
indication and two graphite electrodes.) 

Analytical Laboratory 
Polarographic Institute CSAV and 
Research Institute of Iron Mines 
and Iron Pelleting 
Prague, Czechoslovakia 

10 December 1963 

1 R. Pfibil, Z. Koudela and B. Matyska, Chem. Listy, 1950, 44, 222. 

SIR : 

Rapid chemical analysis of silicate rocks 

IN recent years, numerous schemes for the rapid chemical analysis of silicate rocks and minerals have 
been proposed, and some of these are in widespread use throughout the world. 

One of the greatest problems in devising such rapid schemes is that of obtaining a clear homo- 
genous solution of the sample from which aliquot portions may be measured for the various 
determinations. In particular, the preparation of a solution for the calorimetric determination of 
silica is somewhat troublesome. 

It has been found that a clear aqueous solution of most silicate samples may be quickly and 
conveniently prepared by the following simple procedure. No element likely to cause serious 
interference in any of the common determinations is added, and it should be possible to adapt existing 
methods for use with this method of solution. The procedure is as follows : 

Weigh 0.1000 g of the 200-mesh sample into a %-ml flat-bottom platinum dish, and add 0.50 g 
of anhydrous lithium metaborate (LiBOd. Mix, and heat over a Meker burner (in an oxidising flame) 
for 5-10 min. 
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After fusion is complete, remove the dish from the flame, and drop it (preferably while still red 
hot) into 125 ml of 2 % v/v nitric acid in a 250-ml beaker. Pour 2 % nitric acid into the dish until the 
latter sinks to the bottom of the beaker, and immediately add a Teflon covered stirring bar. Stir at 
moderate speed (without heating) until solution is complete. This will take about 10 min. 

Transfer to a 200-ml flask, dilute to the mark with water and mix. The solution is now ready for 
use. Aliquot portions may be removed for the determination of silica, alumina, iron, titania, mag- 
nesia and the alkaline earths. Because lithium does not interfere seriously with the flame photometry 
of sodium and potassium, the alkali metals may also be determined. 

The solution may also be used for spectrochemical analysis using spark-solution techniques. If 
this is intended, internal standard may conveniently be added to the dilute nitric acid before the 
sample fusion. 

Lithium metaborate is an extremely active flux, and readily dissolves most of the minor refractory 
minerals (chromite, ilmenite, etc.) commonly found in silicate rocks. The suggested solution pro- 
cedure is thus not only very much faster than those using hydrofluoric acid, but much more efficient 
as well. Hydrofluoric acid mixtures do not adequately attack all of the mineral constituents of rocks. 
The suggestion that the sample be ground to pass a 200-mesh screen is made because of sampling 
considerations, and not because the tine grinding is necessary for attack by the flux. 

Detailed procedures for rapid silicate analysis based on this and other solution methods are 
at present being developed in this laboratory. 

College of Mineral Indastries C. 0. ING.~MELI_s 

Pennsyhania State University 
118 Mineral Sciences Building 
University Park, Pennsylvania, U.S.A. 

12 December 1963 
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PRECIPITATION FROM MIXED SOLVENTS-V* 

URANIUM SHYDROXYQUINOLATE 

LESTER C. HOWICK@ and TONY RIHS 
Department of Chemistry, University of Arkansas, Fayetteville, Arkansas, U.S.A. 

(Received 21 June 1963. Accepted 16 January 1964) 

Summary-The technique of precipitation from homogeneous solutions 
of mixed solvents has been applied to the case of uranium 8-hydroxy- 
quinolate. Precipitation from a water-acetone solution results in the 
formation of well-defined crystals of high purity. The separation of 
uranium from magnesium is easily accomplished and separations 
from thorium and lead may be achieved in the presence of EDTA. 

THE use of 8-hydroxyquinoline as a gravimetric precipitant for uranium offers the 
advantages of forming a highly insoluble material and yielding a very favourable 
gravimetric factor. However, the direct addition of the reagent to a solution of uranyl 
ion results in the formation of a very finely divided material that is difficult to filter 
and wash. Bordner, Salesin and Gordon1 have reported the use of 8-acetoxyquinoline 
as a reagent for the in situ generation of the precipitant as a means of improving the 
physical properties of the crystals. It has been reported earlier that the %hydroxy- 
quinolates of aluminium, nickel, magnesium and copper are precipitated as well- 
defined, highly pure crystals by the volatilisation of the organic component of a 
water-organic solvent mixture .2-6 A similar method has now been developed for the 
precipitation of uranium and excellent results are obtained. 

Reagents 
EXPERIMENTAL 

Uranium: A uranium solution was prepared from reagent-grade UOB(CHoC00)a.2Hs0 (J. T. 
Baker Chemical Company, Phillipsburg, New Jersey, U.S.A.) containing approximately 10 mg of 
uranium per 10 ml of solution. This solution was standardised by evaporating an aliqtiot sample in a 
porcelain crucible under an infrared lamp, igniting the dry residue at 7OW300” for 5 hr, and weighing 
the product as UsOs. The results of the analysis of twelve 25-ml aliquots resulted in an average value 
of 24.94 mg of uranium, with a standard deviation of 0.19. The rather large standard deviation, and 
reported discrepencies in the stoichiometry of the final product,’ prompted the verification of this 
vilue by an altkmative method. For this purpose an aliGuot of thk ur&yl solution was reduced by 
metallic lead, treated with excess iron In alum. and the iron” ions Droduced were titrated with a 
standard ceriumIV solution. The results thus obtained were in agreedent with those reported above 
and no increase in precision was obtained. 

Magnesium: Reagent-grade Mg(NO,),.BH,O (J. T. Baker Chemical Company, Phillipsburg, 
New Jersey, U.S.A.) was used to prepare a solution which contained 5.0 mg of magnesium per ml of 
solution. 

Lead: Reagent-grade Pb(NO,), (Mallinckrodt Chemical Works, St. Louis, Missouri, U.S.A.) 
was used to prepare a solution containing 5.0 mg of lead per ml of solution. 

Thorium: Reagent-grade Th(N0,),.4H,O (J. T. Baker Chemical Company, Phillipsburg, New 
Jersey, U.S.A.) was used to prepare a solution containing 5.0 mg of thorium per ml of solution. 

SHydroxyquinoline: A 1% acetonic solution of 8-hydroxyquinoline (reagent-grade, J. T. Baker 
Chemical Company, Phillipsburg, New Jersey, U.S.A., or Fisher Scientific Company, Fair Lawn, 

* Part IV: See reference 6. 
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New Jersey, U.S.A.) was prepared by dissolving 1.0 g of the reagent in 100 ml of reagent-grade 
acetone. A fresh solution was prepared at least once a week. 

EDNA solution: A O.OlM solution of disodium ethylenediaminetetra-acetate (reagent-grade, 
Fisher Scientific Company, Fair Lawn, New Jersey, U.S.A.) was prepared by dissolving 3.72 g of the 
reagent in 1 litre of distilled water. 

&etone: Reagent-grade acetone was distilled through a 30-cm Vigreaux column using all-glass 
apparatus. This precaution was necessary to remove an unidentified, water-insoluble material. 

All other chemicals used were reagent-grade. 

Apparatus 
A Beckman Model G pH meter equipped with glass and calomel electrodes was used for all pH 

measurements. 

Procedure 
Preliminary experiments involving adjustments in the experimental parameters of pH, evaporation, 

temperature and acetone-water ratio led to the following recommended procedure: 
k sample of about 25 mg of uranium is prepared in approximately 75 ml of nearly neutral solution. 

To this are added 50 ml of acetone. 10 ml of 1% 8-hvdroxvsuinoline solution and 10 ml of 0.5M 
ammonium acetate. The reaction mixture is placed on’a waterzbath at 70-75” and left uncovered for 
2.5 to 3 hr. Visible precipitation occurs within the first hour of heating. At the end of the evaporation 
period, the samples are cooled to room temperature and filtered through medium-porosity sintered- 
glass crucibles. The precipitates are washed 4 times with 10 ml of distilled water and dried at 135” 
for at least 4 hr or overnight. The red product is weighed as UO,(C,H,ON),C,H,ON. The gravi- 
metric conversion factor is 0.33840. In all cases the filtrate pH was found to be- between 58 and 6.0. 

Coprecipitation 
The studies in the presence of magnesium were performed by the above procedure, the magnesium 

being introduced into the original uranium solution. In the case of the lead and thorium coprecipi- 
tation studies it was found desirable to alter the order of the addition of the reagents. For these studies 
a three-fold excess of EDTA over that required to form a 1 :l complex with the diverse ion was added 
to the buffered solution containing the uranium and diverse ion. The acetone and reagent solution 
were then added and the analysis completed as above. 

RESULTS AND DISCUSSION 

Following the above procedure a well-formed, crystalline precipitate was obtained 
which was easily filtered and displayed no tendency to creep. The analysis of fifteen 
25-ml aliquots yielded an average value of 24.84 mg of uranium with a standard 
deviation of 0.05. These figures may be compared to the value of 24.94, with a standard 
deviation of O-19, that was obtained by the evaporation and ignition to U,O,. 
Particularly .striking is the four-fold increase in precision. 

During the preliminary experiments it was noted that precipitations at a pH of 
5 or in the presence of increased amounts of ammonium acetate resulted in low 
values. However, in all cases the reported composition appeared to be the only one 
obtained and agreed with that generally found. * No evidence for the precipitation 
of excess reagent was noted, though this may arise from the fact that at the drying 
temperature of 135* any excess reagent would be decomposed.gJO 

Table I reports the results of the coprecipitation studies. The ability of this 
technique to increase the separation from magnesium is obvious from the results in 
this table. In the case of lead and thorium the proposed method still fails to yield 
good separation; however, the addition of EDTA to the reaction mixture results in 
practically complete separation from these two important uranium decay products. 

CONCLUSIONS 

The precipitation of uranium 8-hydroxyquinolate from homogeneous mixtures of 

water and acetone is a convenient and practical method of achieving the formation 
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TABLE I.-EFFECT OF DIVERSE IONS UPON THE PRECIPITATION OF 24.96 MG OF URANIUMS 

Diverse 
ion added 

Weight of 
diverse ions, 

r?? 

Classical method Present method 

Apparent weight Apparent weight 
of uranium, of uranium, 

mR ?? 
Difference, 

r% 

- 24.82 f 0.06* -0.12 
Mg 25.0 24.82 + O.Ogb -0.12 
Mg 50.0 24.81 + 0.06* -0.13 
Mg 100.0 24.90 & 0.05c -0Xl4 
Mg 250.0 24.94 + 0.05c 0.00 
Mg 250.0 34.4 + 2.lb +9.46 
Pb 10.0 27.65 i 0.30b +2.71 
Pb 25.0 24.81 k 0.02**d -0.13 
Th 25.0 30 * 3b +5 
Th 25.0 24.84 f 0.038Sd -0.10 

a Present method containing an excess of EDTA. 
b Average of 2 determinations. 
c Average of 3 determinations. 
d Average of 4 determinations. 
e Errors shown are standard deviations. 

of this precipitate. The product is produced in a highly pure form and the method 
is particularly advantageous for use in the presence of large amounts of magnesium, 
or of at least equal weights of lead or thorium when excess EDTA is present. 

Acknowledgement-The authors wish to acknowledge the support given to this work by the U.S. 
Atomic Energy Commission under research contract AT(40-1) 2954. 

Zusammenfassun8-Die Methode der Fallung aus homogener Losung 
eines Liisungsmittelgemisches wurde nun auf Uranoxinat angewandt. 
Gut ausgebildete Kristalle von hoher Reinheit werden erhalten bei 
der Fallung des Oxinats aus einer Wasser-Acetonlosung. Die Abtren- 
nung des Urans von Magnesium ist leicht durchfiihrbar, und eine 
Trennung von Blei and Thorium kann durch Zusatz von ADTE 
erreicht werden. 

R&sum&-Les auteurs d&crivent une methode pour le dosage de l’ura- 
nium, en precipitant l’oxinate en solution homogene, contenant un 
melange d’eau et da&one comme solvants. En appliquant cette 
technique, les cristaux precipitts sont bien form&s, et tres purs. Le 
magnesium est &pare aisement de l’uranium; de m&me, la separation 
du thorium et du plomb est possible en presence d’EDTA. 
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AMPEROMETRISCHE BESTIMMUNG DER METALLE 
UNTER DER ANWENDUNG VON THIOACETAMID-V* 

UNTERSUCHUNGEN OBER PbS-BILDUNGSGESCHWINDIGKEIT IN 
AMMONIAKALISCHEN Pb2+-1ONENLt)SUNGEN MITTELS 

THIOACETAMID 

MARIA PRYSZCZEWSKA 
Institut fiir Allgemeine Chemie, Technische Hochschule 

Szczecin, Polen. 

(Eingegangen am 3 September 1963. Angenommen am 30 September 1963) 

Z~~~g-Auf Grund der ~laro~aphi~h durchge~~ten 
Unt~~uchun~n iiber Pb~F~un~g~chwindigkeit mittels Thio- 
acetamid (TAA) wurden folgende Gleichungen fiir Reaktionsgeschwin- 
digkeit zwischen Pb*+-Ionen und TAA in ammoniakalischen Lljsungen 
abgeleitet : 

d[Pb”] -_=: 
dt 

k,. [Pb”l [CH&SN&l [NH&O1 .f~ 
@++I+ .fH+t (1) 

d[Pb”] 
--1= 

dt 
ksf EPW PLCSNKI EN&&01 fPb%” 

[I+]113 ‘j2 (2) 

Der Wert der Geschwindigkeitskonstante k, betrggt fir Temp. 25°C: 
3,67 . 1O-a f 0,65 * 10-a Mol-P . Lt . Min-I. Der Wert der Konstante. 
k,fiirdieselbeTemperaturbetr@t: 2,OO. lo-*& 0,30. 10-eMol-5/s .L5/3 
Min-I. Die Geltung der Gleichung (1) wurde filr NH,H,O-Konzen- 
trationsgebiet vom lJ2 Mel/L bis 2,25 Mel/L im c&&rvall: 
2 09 * IO-= < c= < 4,17 * 10-l’ iiberpriift. Die ~~~r~fung der 
~lei~hung (2) wurde im NH~H~O-Konzentrationsgebiet vom 2,25 
Mel/L bis 4,5 MoljL im c,-Intervall: 1,26.10-I* < cH I;L 8.31 f lo-” 
durchgefiihrt. 

EINLEITUNG 

UNTERSUCHUNGEN iiber die Geschwindigkeit der Reaktion zwischen dem Thioaceta- 
mid und Metallionen bilden den Grund fiir die Arbeit iiber das eigentliche Problem 
der Anwendbarkeit des TAA zu der elektrometrischen Bestimmung der Metalle der 
H,S- und (NH&S-Gruppe. 

Die Untersuchiing iiber die Geschwindigkeit der Reaktion zwischen TAA und 
Cd2+-Ionen sowie Tl+-Ionen ist bereits friiher1v2 durchgefiihrt worden. 

Die vorliegende Arbeit tiber die Reaktionsgeschwindigkeit der Pb2+-Ionen mit 
TAA in ammoniakalis~hen Liisungen ist die Fortsetzung dieser Untersu~hnngen. 

Die Kinetik der Reaktion der Pbw-Ionen mit TAA in erhahter Temperatur und in 
saurem pH-Interval1 wurde bereits friiher von Swift und Butler3 untersucht. Die 
Ergebnisse der Untersuchungen dieser Autoren lieferten neues Material, wertvolles 
sowohl filr die Anwendung des TAA in der systematischen qualitativen Analyse der 
Kationen als such fiir das Problem des Mechanismus der Reaktionen zwischen TAA 
und Metallionen. Fiir die Arbeit iiber die Bestimmungsmethode der Pb2+-Ionen in 
alkalischem pH-Gebiet sind sie jedoch nicht anwendbar, da ihre Geltung auf saures 
pH-Interval1 begrenzt ist. 

* IV Mitteilung: Literatur Punkt 2. 
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I I \ , J 
2 6 10 14 18 

ABB. l.-Reaktionsgeschwindigkeit der PbS-Fallung als pH-Funktion. 
Temp. 25”: Pot. -1,ov 

lNH,H,O] = cAm = 2,25: Mel/L: [CH,CSNH,] = cr = 6,00. 1O-4 Mel/L. 
lPb(NO,),I = cpb = 8,lO. 10m4 Mel/L 

an,: 1 - 3,93. lo-“: 2 - 1,95 . lo-“: 3 - 9,75 . lo-‘2: 
4-5,92. 10-l?: 5-1,95 . 10-‘a 

DER EXPERIMENTALE TEIL 
Apparatur 

Polarograph ,,Radiometr PO3 m“ (Danemark). Tropfende Quecksilberelektrode als Kathode 
und ges&tigte Kalomelelektrode als Anode. 

Generator zur elektrolytischen Gewinnung des Wasserstoffs. 
Termostat nach Wobser. 
Automat&he l-ml Mikrobtlrette (zur Dosierung des TAA). 

Liisungen 
Pb(NO,),-Losung wurde aus analytisch reinem Handelsprlparat vorbereitet und komplexo- 

metrisch bestimnn4 
Thioacetamidlosung aus dem ,,reinen“ Handelspraparat nach dreimaliger Kristallisation vor- 

bereitet und amperometrisch bestinnm6 
AgNO,, NaN03, NH,NOS wurden aus ,,analytisch reinen” Handelspraparaten nach zweimaliger 

Kristallisation angewandt. NaNO, wurde als Grundelektrolyt und zugleich als Ionenenstlrkestabili- 
sator angewandt. Die Ionenstarke aller untersuchten Liisungen war dieselbe. 

Der pH-Wert der Lijsungen wurde mittels Ammoniakpuffer (NH,H,O + NH,NOI) konstant 
gehalten. 

Zugabe der Tartrat-Ionen ermijglichte die Pb-Ionen in der Losung zu erhalten. 

Prozedur 
Die experimentale Bestimmung der Sulfidbildungsgeschwindigkeit wurde polarographisch so wie 

vorher’s2 durchgeftlhrt. 

ERGEBNISSE UND DISKUSSJON 

Alle Untersuchungen iiber die Geschwindigkeit der Reaktionen des TAA mit 
Pb2+-Ionen wurden in ammoniakalischen, mit NH,NO, gepufferten Lbsungen 
dieser Ionen von der gleichen Ionenstarke durchgeftihrt. 

Schon im Laufe der Anfangsuntersuchungen wurde die proportionale Abhangig- 
keit der Sulfidbildungsgeschwindigkeit sowohl von der Konzentration der Metallionen 
wie such von der Konzentration des TAA festgestellt, mit der Beschrankung auf 
ziemlich kleine Werte der Geschwindigkeit (also such kleine Werte der Bleiionen- und 
TAA-Konzentration). 

Die Untersuchungen iiber den Einfluss der H+-Ionenkonzentration auf die 
PbS-Flllungsgeschwindigkeit, welche den Hauptteil der vorliegenden Arbeit bilden, 
wurden in Serien von Losungen durchgeftihrt von dem gleichen NH,H,O-, TAA- und 
Pb(NO,),-Konzentrationswert aber verschiedenem pH-Wert. 



Amperometrische Bestimmung der Metalle 673 

Die H+-Ionenkonzentration jeder untersuchten Lijsung dieser Serien wurde 

rechnungsweise bestimmt. Der f,+-Wert und f,,-Wert wurde nach Kolthoffa 

berechnet. 
Es erwies sich, dass die Reaktionsgeschwindigkeit mit dem Steigen der H+- 

Ionenkonzentration-in sonst gleichen Bedingungen-immer geringere Werte 

annimmt, dass also die PbS-Bildungsgeschwindigkeit eine absteigende Funktion der 
Hf-Ionenkonzentration ist (Abb. 1). 

Als mijgliche Form dieser Funktion wurden drei Gleichungen beriicksichtigt:* 

dCPb = kt CPb . cT _f&, 

-dt -*- cH fH 
‘bb -_= k,t cPb * cT fPb 

dt -'fyi d 

‘bb -_= ,y +b * cT fPb 

dt - 'f;h 
CHf 

(l,V 

c&V) 

(39V) 

Die Werte von k’, k”, k”’ aus den obigen Gleichungen wurden fiir jeden untersuchten 
Fall auf Grund der experimentalen Daten berechnet. 

Die Ergebnisse der Untersuchungen vier solcher Serien sind in den Tabellen I bis 
IV zusammengestellt. Bei allen LGsungen solcher Serien wie die aus der Tabelle I und 

II (vom c,,-Wert 1,12 Mel/L bis 2,25 Mel/L) mit Steigen des pH-Wertes vergndert 
sich stufenweise der k’-Wert wie such der k”‘-Wert, wzhrend der k”-Wert dabei 
annghernd konstant bleibt. 

TABELLE I. REAKTIONGESCHW~NDIGKEIT DER PbS-FXLLUNo ALS aa+-FUNKTION 

Temp. = 25” 
Pot. = -1,ov 

p = 0,9 
fH' = 0,94 

f&z+ = 0,15 

N-&H,01 = CA., = 1,12 Mel/L 
[Pb(NO,),I = CPb = 8,lO. 1O-4 Mel/L 

[CH,CSNH,] = cT = 6,00. 1O-4 Mel/L 

k’ k” k”’ 

al%+ (= dCPb Cd/:! 
Nr (= CH .~EI) dt CPbCT 

=--.-.- 

1 7,80. lo-” 3,80. 1O-8 4,35. 10-a 2,13. 10V 3,89. 10-P 
2 3 92. lo-” 2,89. 1O-8 4,55 . 10-a 2,45 1OV 4,09. 10-d 
3 1,95. lo-” 2,lS. 10-9 4,84. 10m4 2.98. 1OW 4,31. 10-d 
4 3,92. lo-l2 9,65 . 10-l” 4,871 IO-~* 3,96. 1OW’ 4,35. IO-4 
5 1,95. 10-12 6,06 . IO-‘0 4,80. lo-’ 3,93. IO-2 3,84. 1O-4 

Im Fall der LGsungen solcher Serien wie die aus der Tabelle III und IV (vom 
C am-Wert 3,37 Mel/L bis 4,50 Mel/L) mit Steigen des pH-Wertes vergndert sich 
stufenweise der k’-Wert so wie der k”-Wert, der k”‘-Wert dagegen annshernd konstant 
bleibt. 

* Im folgenden werden in Gleichungen, Tabellen und im Text nachstehende Abkiirzungen 
gebraucht : 

CT statt TAA-Konzentration fPb SmfPb- 
cpb Statt Pb(NO,),-Konzentration fH statt fH+ 
cH statt H+-Ionenkonzentration 

P 
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TABELLE II.-REAKTION~GESCHWINDIGKEITT DER PbS-l%LLuNc ALS a=+-FUNKTION 

Temp. = 25” 
Pot. = -1,ov 

/I = 0,9 
fH+ = 0,94 

,fp$+ = 0,15 

INH,H,Ol = CA,,, = 2,25 Mel/L 

[Pb(NOJd = CPb = 8,lO. 1O-4 Mel/L 
[CH,CSNHJ = cT = 6,00. lo-* Mel/L 

Nr flIi+ k’ k” k” k”icam 

1 3,93 . lo-‘1 4,84. 1OW 7,45 . 10-P 4,13. 10-e 3,31 . 10-k 
2 1,95. lo-” 3,33.10-g 7,35 . 10-t 4,50. 10-Z 3,27 . 1O-4 

3 9,75 . lo-‘? 2,37.10-O 7,40. 10-d 5,lO. 10-Z 3,30. 10-a 
4 5,92 . lo-l2 1,84. 10-O 7,35. 10-a 5,52. 10m2 3,27. 1O-4 
5 1,95. 10-12 1.61 . 10m9 7,00. IO-4 6,30. lo-$ 3,lO. 10-d 

TABELLE III.-REAK~ON~GEWHWINDIGKEIT DER PbS-FjiLLuNG ALS a=+-FUNKTION 

Temp. = 25” 
Pot. = -1,ov 

p = 0,9 
fHf = 0,94 

fpb2+ = 0,15 

[NH,H,Ol = cam = 3,37 Mel/L 
[Pb(NO,),I = cpb = 8,lO. 1O-4 Mel/L 

[CH,CSNH,I = c T = 6,00. 1O-4 Mel/L 

Nr an+ k’ k” k”’ k”/Cnm 

1 3,93 . lo-” 7,55.10-e 1,22. 10-a 6,70. 1O-Z 1,98. 1O-2 
2 2,60 . 10-l’ 6,29. 10-O 1,22. 10-s 7,lO. 10-a 2,lO. 10-Z 
3 6,50 . 1O-12 2,30. 1O-9 9,00 . 10-a 6,40 . 1O-z 1,92. lo-” 
4 3,93 . 10-12 1,77.10-s 8,95. lo-’ 7,22. 1O-2 2,18 . lo-” 
5 1,30. lo-‘2 7,27 . lo-=’ 6,45 . 1O-4 6,20. 1O-2 1,86. 10-Z 

TABELLE IV.-REAKTIONSGESCHWINDIGKEIT DER PbS-FXLLUNG ALS aH+-FuNKTIoN 

Temp. = 25” 
Pot. = -1,ov 

/’ = 0,9 
J;+ = 0,94 

f&2+ = 0,15 

[NH,H,Ol = CA,,, = 4,50 Mel/L 
[Pb(NO&l = +b = 8,lO. 10m4 Mel/L 

KH,CSNH,I = cT = 5,82. 10m4 Mel/L 

Nr aH’ k’ k” k” k”iCAm 

1 2,95 . lo-” 9,60. lo-@ 1,76. 10-s l,oo. 10-l 2,23 . 10-Z 
2 1,97. lo-” 7,16. 10-O 1,55. 10-a 0,99 . 10-l 2,21 . 10-Z 
3 4,94 . 10-12 2,65 . 10-O 1,20. 10-a 0,93 . 10-l 2,07. 1O-2 
4 3,93 . 10-12 2,26. 1O-8 1,15. 10-s 0,93 . 10-I 2,07. lo-* 
5 1.97 . 10-12 1.45. 10-Q 1,04. 10-s 0.96 . 10-l 2,13. 10m2 

Auf Grund solcher Ergebnisse wurde festgestellt, dass fi.ir die LSsungen aus 
c,,-Interval1 I,12 Mel/L bis 2,25 Mel/L die Gleichung (2,V) die Geschwindigkeit als 
Funktion vom c,-Wert richtig ausdriickt, fiir die LSsungen dagegen von grijsserem 
als 2,25 Mel/L c,,-Wert die Gleichung (3,V). 

Aus den Tabellen I-IV folgt ausserdem, dass der Zahlenwert der Koeffizienten k” 
und k”’ von der Ammoniakkonzentration abhBngig ist und mit dieser Konzentration 
steigt. 
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Die Reaktionsgeschwindigkeit ist also-wie daraus ersichtlich ist-von der 
NH,H,O-Konzentration abhlngig. 

Diese Ab~~n~gkeit wurde in Serien der Liisungen von verschiedenem cA,Wert 
und demselben pH-Wert so wie demselben c,- und cm,-Wert durchgef~hrt. 

Die Untersuchungsergebnisse einer solchen Serie sind in der Abb. 2 und der 
Tabelle V dargestellt. 

ABB. 2.-Reaktionsgeschwindigkeit der PbS-Edlung als Funktion der 
NH~H*O-Konzen~ation. 
Temp. 25”: Pot. -1,Ov 

[Pb(NO&l = Cpb = 8,10. IO-* MoI/L: [CH,CSNH,j = cr = 5,82. IO-’ Mel/L: 
cn . fa = aa+ = 3,92 . IO-” 

fNH,H,O]: 1 - 2,25 Mel/L: 2 - 3,37 Mel/L: 3 - 4,50 Mel/L: 
4 - 6,75 Mel/L: 5 - 9,00 Mel/L 

TULLE V.-~AK~O~~~~GKEIT DER PbS-FiiLLuNG ALS 

FUNKTION DER NH&&-KONZENTRATION 

Temp. = 25” 
Pot. = -1,ov 

,u = 0,9 
fHC = 494 
fP@+ = 0,15 

[PbCNO,),I = cpb = 8,lO. lo-' Mel/L 
KHKSNH,] = CT = 5,82.10-d MoI/L 

cn . fa = an+ = 3,92. lo-” 

Nr 
[NH,HaOl, 

MolIL k” k-/Cm 

1 2,25 4,00. IO-2 1,83.10-a 
2 3,37 6,lO. IO-8 1,85.10-* 
3 4,50 9,00.10-2 2,03 . LO-% 
4 6.75 1,30.10-l 1,95 . 10-B 
5 9700 I,67 . 10-l 1,96. 1O-z 

Die Abb. 2 illustriert, dass die Reaktionsgeschwindigkeit eine aufsteigende Funk- 
tion der NH~H~O-Ko~entration ist. 

Aus der Tabelle V folgt, dass der Ausdruck km/chm annahernd konstanten Wert 
ftir LSsungen der Serie aus dieser Tabelle hat. Denselben annahernd Wert hat dieser 
Ausdruck fiir Losungen jeder tibrigen untersuchten Serie, ftir welche der cAm Wert 
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nicht kleiner als 2,25 Mel/L ist, also such fiir die Serien aus der Tabelle III und IV 
(was aus der letzten Kolonne dieser Tabellen ersichtlich ist). 

Es ist also: k”‘/ca, = constans = k, . . . . . . (4,V). Aus den Tabellen I und II 
(letzte Kolonne) folgt, dass fiir Serien von cam- Wert 1,12 Mel/L und 2,25 Mel/L der 
Ausdruck kN/cAm such konstanten Wert hat. Dasselbe gilt such fiir Lijsungen jeder 
untersuchten Serie aus dem NH,H,O-Konzentrationsintervall vom 1,12 Mel/L bis 
2,25 Mel/L. Fiir diesen Konzentrationsintervall ist also : 

k”/cAm = constans = kl (%v) 

Aus Gleichungen (4,V) u. (5,V) folgt die proportionale Abhtingigkeit der Reaktions- 
geschwindigkeit von der NHsH,O-Konzentration. 

Nach Einsetzen in die Gleichung (2,V) den Wert fiir k” aus der Gleichung (5,V) 
und in die Gleichung (3,V) den Wert fiir k”’ aus der Gleichung (4,V), bekommen die 
Gleichungen (2,V) und (3,V) folgende Form: 

‘bb k cPb. cT. CAm fib 
_-= 1 

dt cH 
l/2 ‘p.2 

dCpb k cPb. CT * Cam fpb 
-x= 2 

cH 
l/3 ‘fjp 

(2’,V) 

(3’,V) 

Der Zahlenwert der Geschwindigkeitskonstante k, und k, aus diesen Gleichungen 
wurde aus den experimentalen Ergebnissen-unter anderem such aus den Daten der 
Serien aus der Tabellen I-IV-erhalten. 

Fiir Temperatur 25” betrggt der Mittelwert von k,: 3,67. 1O-4 * 0,65 . lO-4 
Molm3j2 . L3/2 . Min-l. Fiir dieselbe Temperatur betdgt der Mittelwert von k,: 
2,00. 1O-2 & 0,30. 1O-2 Mole6i3. Ls/3. Min-I. Die Geltung beider Gleichungen 
wurde iiberpriift. Die Reaktionsgeschwindigkeit wurde ngmlich unter Anwendung 
entsprechend der Gleichung (2’,V) oder (3’,V) in jedem konkreten Fall berechnet 
(indem fiir k, und k, die eben angegebene Werte eingesetzt wurden) und der so 
erhaltene Geschwindigkeitswert wurde mit experimental gefundenem Wert verglichen. 

Die Ergebnisse der uberpriifung sind in der Tabelle VI zusammengestellt. Die 
ijbereinstimmung der berechneten Geschwindigkeitswerte mit den experimental 
gefundenen ist ziemlich gut wie aus der Tabelle VI ersichtlich ist. 

Aus dieser Tabelle folgt zugleich, dass die Geltung der Gleichung (2’,V) fiir 
C ,,-Gebiet vom 1,12 Mel/L bis 2,25 Mel/L im c,-Interval1 vom 2,09 . lo-l2 bis 4,17 . 
IO-l1 iiberpriift wurde und die Geltung der Gleichung (3’,V) fi.ir c,,-Gebiet vom 2,25 
Mel/L bis 4,50 Mel/L in c,-Interval1 vom I,26 * lo-l2 bis 8,31 . 10-ll. Die LBsungen 
der Serie vom c am-Wert 2,25 Mel/L habenvoriibergehenden Charakter. Die Reaktions- 
geschwindigkeit der Liisungen dieser Serie ist ngmlich nicht nur durch die Gleichung 
(2’,V) bestimmt sondern annghernd such durch die Gleichung (3’,V). Die auf Grund 

der Gleichung (3’,V) berechneten Geschwindigkeitswerte sind fiir LBsungen dieser 
Serie von kleinem pH-Wert in ziemlich guter Ubereinstimmung mit den experimental 
bestimmten. Mit Steigen des pH-Wertes aber steigt such die Abweichung von den 
experimental bestimmten Werten, was aus der Tabelle VI ersichtlich ist. 

Die Proben der Uberpriifung der Gleichung (3’,V) fiir die Lbsungen von griisserer 
NH,H,O-Konzentration zeigten, dass diese Gleichung ihre Geltung such im Gebiet 
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TABELLE VI.-~BERPR~~FUNG DER REAKTIONSGESCHWINDIGKEITSGLE~CHUNG (2',V) u. (3’,V) 

- 2. lo6 Mel/L. Min. 

Nr UPb( = @c %I( = CAnI, 
+b. Pb f CJf .fH Mel/L Fkrechnet aus 

Experim. 
bestimmt Gleichung Gleichung 

(2’,v) (3’,v) 

1 1,2. 10-a 
2 1,2. 10-a 
3 1,2. 10-a 
4 1,2. 10-d 
5 1,2. 10-4 
6 1,2. 10-a 
7 1,2. 10-a 
8 1,2. 10-a 
9 1,2. 10-4 

10 1,2. 10-a 
11 1,2 . 10-a 
12 1,2 . 10-4 
13 1,2. 10-4 
14 1,2. 10-4 
15 1,2. 10-4 
16 1,2 . 10-4 
17 1,2. 10--a 
18 1,2. 10-a 
19 1,2. 10-4 
20 1,2.10-4 

6,00. lo-’ 
6,OO. 1O-4 
6,00. 1O-4 
6,00 . 1O-4 
6,00. 1O-4 
6,00. lo-” 
6,OO. lo-’ 
6,00. 1O-4 
6,00. 1O-4 
6,00. lo-& 
6,OO. 1O-4 
5,82. 1O-4 
5,82. 1O-4 
5,82. 1O-4 
6,25 . 1O-4 
6,25 . lo-” 
6,25 . 1O-4 
6,25 . lo-’ 
6,25 . lo-’ 
6.25 . lo-’ 

1,95 . 10-12 I,12 2,25 
3,92 . lo-= 1,12 1,80 
1,95 . lo-” 1,12 0,80 
1,95 . lo-‘* 2,25 3,75 
5,92 . lo-la 2,25 2,27 
9,75 . lo-‘* 2,25 1,ll 
1,95 . lo-” 2,25 1,24 
3,92 . lo-” 2,25 0,90 
1,38. lo-l2 3,37 4,25 
6,50. lo-= 3,37 2,66 
2,60 . lo-” 3,37 1,79 
3,93 . lo-‘? 4,50 4,23 
4,94 . 10-12 4,50 3,93 
1,97 . lo-” 4,50 2,65 
1,56 . lo-” 5,62 3,14 
7,82 . lo-l2 5,62 4,00 
1,56. 1Om’2 5,62 7,80 
6,48 . lo-= 6,75 4,87 
3,93 . lo-” 6,75 3,36 
5.90 . lo-” 6,75 2,73 

2,20 
1,56 
0,70 
4,41 
2,53 
1,97 
1,39 
0,98 
- 
- 
- 
- 
- 
- 
- 
- 
- 

- 

- 
- 
- 

2,65 
1,83 
1,56 
1,24 
0,98 
4,60 
2,80 
1,69 
4,07 
3,80 
2,40 
3,40 
4,30 
7,50 
5,50 
3,04 
2,55 

der cam- Werte vom 4,50 Mel/L bis 6,75 Mel/L, mit Beschrlnkung auf nicht hohe 
pH-Werte behglt. 

Doch fiir die Lijsungen vom cakqm- Wert > 4,50 Mel/L ist der Verlauf der Reaktion 
nicht immer gut reproduzierbar. 

Aus den hier dargestellten Untersuchungen folgt-unter anderem-dass die 
Geschwindigkeit der Reaktion zwischen TAA und Pb2+-Ionen in NH,H,O-Liisungen 
im Gebiet der fi.ir amperometrische Bestimmungen entsprechender Werte enthalten 
sein kann. 

Proben der Anwendung dieser Reaktion zu der amperometrischen Bestimmung 
dieser Ionen sind im Gange. 

Die Ergebnisse dieser Untersuchungen sind aber nicht nur fiir amperometrische 
Zwecke anwendbar. Sie liefern such neues experimentales Material, welches fiir das 
Problem des Mechanismus der Reaktionen der Metallionen mit TAA niitzlich sein 
kann. Nicht ohne Bedeutung fiir dieses Problem ist z.B. die Feststellung, dass den 
untersuchten Reaktionen der Pbw-Ionen mit TAA zwei Geschwindigkeitsgleichungen 
(2’,V) und (3’,V) entsprechen. 

Die untersuchten Reaktionen gehijren zu den nicht durch Hydrolyse des TAA 
kontrollierten Reaktionen (die such als direkte Reaktionen bezeichnet werdeq3 was 
sowohl aus ihrer ziemlich grossen Geschwindigkeit wie such aus der Art der Abhgn- 
gigkeit dieser Geschwindikgeit von dem cn-Wert folgt. 

Es gibt also-wie aus diesen Untersuchungen folgt-direkte Reaktionen von 
nicht ganz identischem Mechanismus, was such friiher im Fall der Cadmiumionenl 
gezeigt worden ist. 
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Summary-On the basis of polarographic investigations of the rate of 
precipitation of lead sulphide by thioacetamide (TAA), the following 
equations for the rate of reaction of Pb2+ with TAA have been derived: 

d[Pb”] _-= 
dt 

k,. [Pb”l. VA.41 . NW-WI .&+ 
W+l* fH++ . . . (I) 

d[Pb”] k 
-dt= 2* 

[Pb”] . [TAA] . [NH,.H,O] . f&y 
W+lf fE+t . . . (2) 

The value, at 25”, of the rate constant k, is 3.67 x 10m4 i 0.65 x lo-4 
mol-*. litret . min-‘, and of the rate constant kz is 2.00 x lo-* i 
0.30 X 10e2 mol-6’*. litre”13 . min-l. The validity of equation (1) has 
been proved for NH,.H,O concentrations from 1.12 molllitre to 2.25 
mol/litre in the cn range 2.09 x 10-la Q ca Q 4.17 x lo-“, and 
of equation (2) for NHI.H20 concentrations from 2.25 mol/litre to 
4.5 mol/litre in the cH range 1.26 x 1O-12 < CH < 8.31 x 10-l’. 

R&rm&--En se basant sur les etudes polarographiques du taux de 
precipitation du sulfure de plomb par la thioc&amide (TAA), les 
equations suivantes relatives au taux de reaction de l’ion Pb2+ avec le 
TAA ont pu Ctre etablies: 

d[PbI’] k 
-dt=1' 

[Pb”l [TAAI [NH,.&01 >: fpbaf 
[H+]W fix+) 

d[Pb”] __= 
dt 

kz. [Pb”l [T-AA1 [N&H,01 >: fPb’+ 

W+l* f,+, 

(1) 

(2) 

a 25” la valeur de la constante de reaction k, est 
3,67 x 10-d f 0,65 x 10e4 mo1-3~2.1itreS~z.min-1 

celle de la constante k, est 
2,00 X 10e2 f 0,30 X 10m2 mol-6’3.1itre6’S.min-1 

La validite de l’equation (1) a ete mise en evidence. pour des con- 
CentrationsNH, . H,O variant de 1,12 a 2,25mole/litredans undomaine 
de ca de l’ordre de: 

2,09 x lo-= Q ca < 4.17 x lo-” 
ainsi que l’equation (2) pour des concentrations NH,.H,O variant de 
2,25 a 4,5 mole/litre dans un domaine de ca = 1,26 x lo-l2 < c,, < 
8,31 x lo-“. 
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Summary-Algebraic formulae are proposed for the spectrophoto- 
metric determination of impurity ions in chemically pure or analytical 
reagents which do not themselves absorb in the spectral region to be 
used. These formulae require absorption measurements on the solution 
at two specified wavelengths, and a knowledge of the absorption 
coefficients of the ion to be determined. No information about either 
the nature or the concentration of the interfering ions, or about the 
background absorption of the solution is necessary. 

INTRODUCTION 

THE molar absorptivity of many simple inorganic ions and complexes in the ultra- 
violet range of the spectrum is of the order of 103-104. These high values suggest 
the application of absorption measurements to the determination of trace amounts 
of such ions.l92 In some published analytical papers, the use of sulphuric3-5 or 
perchloric acid6 solutions have been proposed. Many authors have employed con- 
centrated hydrochloric acid’-0 or alkali halide solutions, proving the general useful- 
ness of the method very convincingly. The practical applications have not necessarily 
been to trace amounts of the constituents determined. However, too often tests 
only on artificial solutions have actually been described. 

For the determination of two or more components, absorption measurements 
were taken at their characteristic wavelengths, and simultaneous linear equations, 
with determinants containing the specific absorbance of each of the components at 
every wavelength, were solved. stO This straightforward though cumbersome method 
is useless if unknown absorbing species are present. 

Our objective was to apply ultraviolet spectrophotometry to the determination of 
impurities in pure or analytical reagents. The absorption spectra of solutions of 
pure chemicals show, as a rule, characteristic absorption bands of trace elements 
present, but their concentration cannot be determined because of background absorb- 
ance, composed of various unaccountable factors. This difficulty can be overcome 
by the addition of specific reagents to the so1ution.l Such reagents are not always 
readily available, and may cause technical complications. Hence, a mathematical 
device is preferable, and in the present paper algebraic formulae developed for this 
purpose are described. 

* This and the following two papers with the same main title were taken from a Ph.D. thesis 
submitted by P. A. to the Senate of the Hebrew University of Jerusalem. 
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THEORETICAL CONSIDERATIONS AND FORMULAE 
Method I 

The spectrum of a concentrated salt solution (see Fig. 1) may often show a 
characteristic absorption band riding on a general background absorption of the 
solution arising from unknown contaminations. Measuring the absorbance at the 

Wavelengl h. mp 

Fig. l.-Absorption spectra of 4M KC1 solutions with reference to water 
J1 = J.T. Baker Analyzed Reagent; BD, = B.D.H. Laboratory Reagent. 

peak wavelength would not yield any information about the concentration of the 
required constituent, M; but if it is assumed that the background absorption of all 
contaminants in the proximity of the absorption peak does not vary, or varies only 
slightly with the wavelength, concentration can be estimated from the slope of the 
absorption band. For this purpose, measurements at two wavelengths are required: 
at 3L1 near the absorption peak; and at il,, somewhat below the half-width of the band 
(both on the long-wave side of the peak, see Fig. 2). The difference between these 
two absorbances, AA&, , is then divided by the difference of the known specific 
absorbances of the constftuent, M, at the same wavelengths, Aqif&,, to give the 
concentration in any units: 

Q is expressed in ppm throughout this work. 
The term Aq&, can be evaluated by measuring the absorbance of a salt solution 

to which a known amount of the constituent has been added, with reference to 
another portion of the same salt solution which has not been treated. 

There is a loss of precision involved in this method as compared to the spectro- 
photometric methods in common use: (a) the sensitivity is halved; (b) one measure- 
ment, at il,, is taken on the slope of the absorption curve. On the other hand, errors 
arising from the inequality of the cells containing the measured and the reference 
solutions are compensated for. The advantages of the simplicity of the method. and 
the elimination of the use of any specific reagents, are quite obvious. 



Determination of impurities in reagents-I 

0.3 
r 

A, A, 
Wavelength. rnp 

Fig. 2.-Absorption curves of 4M KC1 solutions 
Bi: contained 2 ppm of BiS+ and 0.01 M HCl 

(measured against 4M KC1 solution) 
Syn; contained 0.4 ppm of BiS+, 0.01 M HCl, 3.4 ppm of Fes+, 10.5 ppm of PbZ+, 

and various other cations and anions 
(measured against distilled water) 

Method ZZ 

The background absorbance of the solution often varies nearly linearly with the 
wavelength, since the absorption band of the sought constituent, M, rides on the 
tail of another absorption band. This interference can be dealt with by making two 
additional measurements at wavelengths jl, and ;1,, and introducing an appropriate 
modification in formula I. The wavelengths I, and 1, are two wavelengths situated 
on either side of the band peak of constituent M, at which the absorbances of M are 
equal, i.e., A? = Atf, as illustrated in Fig. 2. These wavelengths are found 
experimentally cy mea”suring the absorption spectrum of a solution to which a known 
amount of the constituent M has been added. The modified formula, then, assumes 
the form: 

where 

II 

It is desirable that all four wavelengths chosen for measurement should be in a 
narrow region of the spectrum, otherwise this approximation is not valid. A similar 
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formula has previously been proposed by Kress for the determination of lead in 
rubber productslo 

Method ZZZ 

The background absorbance of the solution can also be compensated for by 
introducing a correction factor, KB, into formula I. This device is adopted whenever 
Method II is inadequate, either because the peak absorbance of the constituent is too 
far out in the short ultraviolet, or because the absorbance of the contamination 
varies abruptly on passing from the region 3L1 - I, to the region il, - 1, of the 
spectrum. 

The correction factor proposed is KR = Kg/K& 

where K? = A$AA~-a, = q~lAg,&2~ 

the “slope ratio” of the constituent, 

and K: = A~&4~l-~a, 

the “slope ratio” of the solution at the two chosen wavelengths. The parameter K$’ 

is characteristic of the constituent, and can be evaluated experimentally. Hence, the 
final formula has the form: 

III 

necessitating measurements at only two wavelengths. This correction is an approxi- 
mation, valid only under certain conditions, i.e., when the absorption gradient of the 
contaminants between il, and I, is (a) positive, and (b) less steep than that of the 
desired constituent. 

Inspection of the curves given in Fig. 1 shows that both conditions are valid, for 
example, in the case of the absorption band of lead with a peak at A= 268.5 mp. 

Under these conditions Kg < Kg always, and therefore KB < 1, as it should 
be. Also, the correction factor KR varies in the right direction with variations of the 
background absorbance of the contaminants at il, (= L,), and of the relative absorb- 
ance of the desired constituent (At), as may be seen in the following: 

A”~ x & = al A& _ 1 a8 At x (AAff+ + I> = 1 + WA:f-,2 

Afl x AA&z = (AT + L,)AA&, 1 + L/A!; ’ 

where I = L, - L,. 

Formula III has been applied by us to the determination of the nitrate ion with 
satisfactory results; the absorbance of 4Mpotassium chloride solutions was measured 
at the wavelengths 220 and 230 rnp (see Part II of this seriesll). The number of interfering 
contaminants increases at the shorter wavelengths, and in some cases it was found 
advantageous, when using Formula III, to deduct from the measured absorbances 
the absorbance of certain ions whose concentrations had previously been measured 
at longer wavelengths. 

In conclusion, it is suggested that the concentration of certain impurity ions 
having characteristic absorption bands in the ultraviolet may be determined by taking 
measurements at two wavelengths. A choice of three different algebraic formulae is 
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proposed. The simplest formula (I) is for use when the absorption band of the 
desired constituent stands out clearly, and retains its symmetrical form. Formula II 
or III should be applied when the absorption band is distorted. A test of the proposed 
method, applied to concentrated KC1 solutions prepared in the laboratory, is described 
in a subsequent paper.11 

Zusammenfassung-Fiir die spektralphotometrische Bestimmung von 
verunreinigenden Ionen in chemische reinen oder analytischen Reagen- 
tien, die im fraglichen Spektralbereich selbst nicht absorbieren, 
werden algebra&he Formeln vorgeschlagen. Diese Formeln erfordem 
Absorptionsmessungen an der Liisung bei zwei festgelegten Wellen- 
llngen und Kenntnis der Extinktionskoeffizienten des zu bestimmenden 
Ions. Keine Information iiber Natur oder Konzentration der stiirenden 
Ionen oder Untergrundabsorption der Liisung ist notwendig. 

R&urn&--On propose de formules algkbriques pour la dktermination 
spectrophotomttrique des impure& ioniquesdans lesr&ctifschimique- 
ment purs ou pour analyse et n’absorbant pas eux-m&mes dans 
la region spectrale utilist+e. Ces formules nkessitent la mesure 
de l’absorption de la solution g deux longeurs d’ondes sptcifiques, et 
la connaissance des coefficients d’absorption de l’ion. Aucun autre 
renseignement, soit sur la nature de la concentration des ions g&ants, 
ou l’absorption de base de la solution n’est n&essaire. 
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Summary-Using the method of continuous variations of Job, a 1: 1 
complex between molybdate and acid chloranilate ions has been found 
in aqueous solutions at various values of pH and temperature. The 
pH has to be controlled to within @05 for obedience to Beer’s law 
of the chloranilic acid. The dissociation constants of the complex at 
constant temperature decrease linearly with increasing pH up to pH 4, 
then increase linearly with pH. The changeover from the complex of 
one polymolybdate ion to another is suggested as the cause of this 
minimum in the Ka versus pH curve. This assumption is supported 
by the absorbance versus pH curve of the complex. This curve shows 
a rather sharp downward trend from the expected value ~ginning at 
pH 4. The~~ynamic data for the dissociation of the complex are 
presented. 

CHLORANILIC acid (2,5-dichloro-3,6-dihydroxyquinone) has been investigated by 
several workers,la2 and it has been noted for its capacity to form complexes with 
various ions, such as calcium and zirconium. Because a chloranilic acid solution 
undergoes a colour change in the presence of the molybdate ion, it was decided to 
investigate the system to determine the empirical formula of the complex or complexes 
formed and to determine the thermodynamical properties. 

Chloranilic acid, which forms a deep purple aqueous solution, turns light violet in 
the presence of molybdate ion. For this reason it was decided to employ a spectro- 
photometric approach. Several s~~trophotometri~ methods have been applied to the 
investigation of the empirical formulae of coloured complexes in solution.3-6 In this 
work, the continuous variations method of Job* was used. 

The stability constants of a complex can be determined from the data used in the 
determination of the empirical formula of the complex. In this work, the method of 
Foley and Anderson’ was used to determine the constants. The enthalpy of formation 
of the complexes would normally be determined by calculating the stability constant 
at different temperatures and plotting the logarithm of the stability constant versus 
the reciprocal of the absolute temperature. In this study, the concentrations of the 
complexes formed were found to be independent of temperature. This indicates that 
the enthalpy of formation is zero. 

Appara f us 
EXPERIMENTAL 

Wavelengths that give maximum absorption at various pH values were measured on a Beckman 
DK-1 recording spectrophotometer using a tungsten lamp and silica cells of 10.00 rt O.Ol-mm 
light path. Absorption values in the continuous variation runs were measured on a Beckman DU 

68.5 
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quartz spectrophotometer using a tungsten lamp and cells of 10.00 5 0.01~mm light path. Measure- 
ments on the Beckman DK-1 were made from 400 to 700 rnp. The peaks at the different pH values 
ranged from 532 to 578 ml”. All measurements were made at the maximum sensitivity of the 
instruments. A Beckman Model G pH Meter was used to measure the pH of all solutions. 

Reagents 

Chloranilic acid. Reagent-grade material obtained from the Fisher Chemical Company, U.S.A., 
was used without further purification. A sample was also prepared by the purification method of 
Thamer and V0igt.l The purified sample melted at 283.8” and the unpurified sample melted at 

06- 

a 

0 I2 3 4 5 6 7 8 9 

FIG. 1 .-Obedience to Beer’s Law: 
0-pH controlled within 0.1, 
A-pH controlled within 0.05. 

283.65”. A maximum difference of 0.5 x 10es was noted in the absorption values. This was not 
sufficient to cause any measureable differences. 

Sodium molybdate. Reagent-grade material obtained from the Fisher Chemical Company, U.S.A., 
was used without purification. 

Solutions of the above compounds were made with conductivity water at 25”. The buffer solutions 
were standard Clark and Lubb’s* buffers. The chloranilic acid and sodium molybdate were prepared 
0.002016 M by weight. All other solutions were prepared by weight. 

In the method of continuous variations, a series of solutions was prepared* in which the proportions 
of the molybdate and acid chloranilate ions were varied but the total concentration was constmt. 
Before each run at any given pH the obedience of the choranilic acid to Beer’s Law was determined. 
It was found that the pH had to be controlled within 0.05 in order to obtain obedience to Beer’s Law. 
In Fig. 1 the absorbance is plotted against the concentration of chloranilic acid. The expected 
straight line through the origin is obtained only when the pH is controlled as described above. 

The ionic strength in all runs was maintained constant at 0.37 by adding the necessary amount of 
purified sodium perchlorate. Except for added sodium perchlorate, the ionic strength in each run was 
derived mainly from the buffer solution. For this reason no ionic strength effect was observed on the 
absorption and therefore upon the formula of the complex or the values of the dissociation constants. 

* The order of preparation of solutions for absorption measurement was first to measure into a 
volumetric flask the requisite amount of acid chloranilate. To this was added the amount of buffer 
which by trial and error was found to give the desired pH in the final solution. Water was then added 
to the solution in an amount just short of the volume to give a correct final volume after molybdate 
was added to give the desired ratio of molybdate to acid chloranilate. The final volume was adjusted 
to the mark on the flask with a few drops of distilled water. Consistent results were obtained using. 
this procedure. 
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This was proved by finding the same values for the absorption in the same concentrations of chlor- 
anilic acid, sodium molybdate and buffer, when the ionic strength was not controlled as when the 
ionic strength was controlled. 

In the method used for calculating the equilibrium constants, calculations are based on compari- 
sons between two solutions of equal optical density. 

For the 1: 1 complex found, solutions containing molybdate and acid chloranilate ions in a 1: 1 
ratio were prepared. The original solution for the 1: 1 complex was diluted successively and hence 
each succeeding solution contained a smaller total concentration of the ions but each was maintained 
at the same pH by the addition of the appropriate buffer solutions. By this method solutions were 
obtained that had the same optical density as those of other ratios. Pairs of solutions with the same 
optical density have the same concentration of complex. These pairs have, however, different total 
concentrations of the reactants. Because the equilibrium constant would be the same for the two 
solutions, the constant may be calculated from the expression: 

K = (a, - XMb, - Xl (a, - Xl(b, - Xl 
X X 

where a and b denote the original concentrations of the acid chloranilate and molybdate ions in the 
two solutions and X is the concentration of the complex. 

The free energy of formation, AF”, of the complexes may be calculated from the relationship: 

AF” = -2.303 RT log K,, 

where K, is the stability constant of the complex, equal to the reciprocal of the equilibrium constant 
as calculated above. 

The change in entropy, AS”, of the complex may be determined from the relationship: 

AF” = AH” - TAS” = -TAS”. 

It was determined that AH” was too small to be measured by the methods used in this work. 
Runs were made at temperatures of 25,35, and 45”. No difference in the absorption was noted at the 
different temperatures. 

For all spectrophotometric measurements, the blank for each sample contained the same amount 
of chloranilic acid as the sample with appropriate buffer to maintain the pH. 

The pK,, of both chloranilic acid and the 1: 1 complex was found. The ionisation constant of the 
chloranilic acid was also determined from pH measurements. A study of the dissociation constant 
of the complex versus the pH was also made. 

RESULTS AND DISCUSSION 

The results of the spectrophotometric investigations are presented in this section 
in both tabular and graphical form. 

In graphical presentation, the optical density from the complex formation was 
plotted against the ratio of chloranilic acid to the total concentration. At every pH 
value employed (0.8-5.9) a 1: 1 complex was found (see Fig. 3). 

The ionisation equilibrium constants for chloranilic acid were determined in order 
to ascertain the charge on the complex. K, was found to be infinite and K, was found 
to be 5.98 x 10-4. The work of Thamer and Voigtl was repeated in order to check 
the technique. Because unbuffered chloranilic acid solutions do not obey Beer’s law 
and a spectrophotometer with a 50-mm light path was not available, it was not possible 
to reproduce this data spectrophotometrically. By pH measurements it was 
possible to repeat the critical range of the data within an error of 10.5%. It was 
not possible to repeat the data in very concentrated perchloric acid-lithium perchlorate 
solutions with any degree of accuracy. 

The dissociation constants of the complex were plotted against the pH. Instead 
of the expected smooth curve slowly approaching the ordinate, a sharply descending 
straight line was found from pH values of 0*8-4-O. This line intersected with another 
similar straight line that was found from pH values of 4.0-5.9 (see Fig. 3). 

In an effort to explain this phenomenon, the pKa values of both chloranilic acid 
and the 1: 1 complex were determined. The pKa of the chloranilic acid was found to 
be 2.75 while the pK, of the 1: 1 complex was found to be 2.30 (see Fig. 4). 
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FIG. 2.-Typical plot by Job’s method 
of continuous variations (25”; p = 

0.1818; pH 4.91-4.96). 
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FIG. 3.-Plot of dissociation constants 
of complex against pH. 
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FIG. 4.-Determination of pKa (25”; 556 m/L): 
0-chloranilic acid, 

A-l : 1 complex. 
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All of the data concerning the complex is summarised in Table I. 

TABLE I.-SUMMARY OF THERMODYNAMICAL DATA 

PH 

Complex 
ratio K,, :( 10m5 

-AF”, 
cal/moIe 

AS”, 
cal/mole 

AH”, 
cal/moIe 

0.8 532 1:l 5.44 5794 19.44 0 
2.1 535 1:1 3.60 6036 20.25 0 
2.7 556 1:l 2.91 6150 20.30 0 
4.0 576 1:1 1.13 6722 22.58 0 
4.5 578 1:l 2.51 6251 20.97 0 
4.9 567 1:l 4.23 5943 19.94 0 
5.9 542 1:l 7.20 5628 18.89 0 

Observing Fig. 4 it is seen that the absorption versus pH curve* for the 1: 1 com- 
plex has a normal shape out to pH 4, i.e., there is a horizontal portion in the lower 
pH-range, followed by a rather vertical portion, which in turn is followed by an 
approximately horizontal portion extending to about pH 4. Beginning at pH 4 the 
curve turns down sharply. In Fig. 3 it will be observed that the minimum in the l<d- 
versus pH curve also occurs at pH 4. Now it is known that the normal molybdates, 
e.g., Na,MoO,, form polymolybdates, the complexity of which depends on the hydro- 
gen ion concentration.g The complex polyions and the corresponding pH-values 
include: (Mo,~,,)~~-, pH 1.0; (Mo~,O,,)~~-, pH 1.25; (Mo,O,$-, pH 1.5-4.5; 
(M0,0,3~-, pH 4.5-6.3 ; MoO,~-, pH 6.5-14. One might interpret the data from 
Figs. 3 and 4 as arising from complexes of acid chloranilate ion with different poly- 
molybdate ions, but in all cases the complexes had the ratio of constituents of 1: 1 
based on calculations using the normal molybdate. Evidently, over most of the range 
from pH 1.0 to 4.5, the complexing of the acid chloranilate ion was principally with 
the (Mo,O,J- polyion, though, at pH less than 1.5 the more complex polyions may 
be involved. However, not much of the data was taken at this lower pH range. 

Whatever complexing of these higher polyions took place was evidently in harmony 
as to dissociation and absorbance with the complex of the (Mo,O,$- polyion. 

The complexing of the acid chloranilate ion in the pH range 4.5-6.5 was princi- 
pally with the (Mo,~,,)~- polyion. The critical region is where the (Mo,~,,)~- is 
converting to (Mo,~,,)~-, as shown by the minimum at pH 4 in Fig. 3 and the begin- 
ning of the rapid decrease in absorbance at aboutp H 4 in Fig. 4. The ratio of the com- 
ponents based on the normal molybdate is always one, but the degree of dissociation 
and consequently the absorbance depends on which polyion is predominant in the 
formation of the complex. The decreased dissociation with increasing pH of the 
complex involving the (Mo,~,,)~- polyion is eventually balanced and eventually 
dominated by the increased dissociation of the complex with the (Mo,O,#- polyion. 
The changeover from the complex of one polyion to the other is rather sharp as is 
evidenced by the straight line segments meeting in the sharp minimum as given in 
Fig. 3 and by the rather abrupt decrease in absorbance above pH 4 as shown in Fig. 4. 
This rather abrupt change is to be expected because of the rather sharply delineated 
pH regions in which the two polyions exist. Because the ratio of the two constituents 

* The shapes of absorbance versus pH curves in the wavelength range 532-578 rnp were practically 
identical to that shown in Fig. 4 for 556 rnp, which is about the mid-point in wavelengths studied. 
The curves were merely raised or lowered along the absorbance axis, depending on wavelength. 
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was always 1: 1 based on the normal molybdate one might speculate that the empirical 
formulae of the complexes in the pH ranges 1.04-5 and 4.5-6.5 were, respectively, 
[(Mo,0,,)(HCh),]12- and [(Mo301i)(HCh),]7-, though the twice ionised acid chlorani- 
late and even water may have entered into the formation of the complex. In the 
formulae, HCh- represents the once ionised chloranilic acid. 

Acknowledgement-One of us (W. F. L.) gratefully acknowledges the grant from the National 
Science Foundation which made this research possible. All three authors wish to acknowledge 
Atomic Energy Commission Contract AT-(40-l)-2069 which supported this research. 

Zusantmenfassung-Mit der Methode der kontinuierlichen Variationen 
von Job wurde zwischen Molybdat und saurem Chloranilat in wtiriger 
Ldsung bei verschiedenen pa-Werten und Temperaturen ein l:l- 
Komplex gefunden. Damit die Chloranilslure dem Beerschen Gesetz 
gehorchte,-mul3te derpn auf 0,05 Einheiten konstant gehalten werden. 
Die Dissoziationskonstante des Komnlexes fiel bei konstanter Temp- 
eratur linear mit steigendempa bis 4;nd wuchs dann linear mit dem 
pH. Als Grund dieses Minimums in der Korpir-Kurve wurde der 
Ubergang des Komplexes von einem Polymolybdation zu einem 
andern vermutet. Diese Annahrne wurde durch die Extinktions-pn- 
Kurve des Komplexes gesttltzt. Diese Kurve zeigte vonpn 4 an einen 
ziemlich scharfen Abfall unter den erwarteten Wert. Thermodyna- 
mische Daten fur die Dissoziation des Komplexes werden angegeben. 

R&urn&-Par l’emploi de la methode des variations continues de Job, 
on a trouve un complexe 1: 1 entre les ions molybdate et chloranilate 
acide en solutions aqueuses d diverses valeurs du pH et de la temp- 
erature. Le pH doit etre respect& % 0,05 unite pres pour que l’acide 
chloranilique obeisse g la loi de Beer. Les constantes de dissociation 
du complexe a temperature constante decroissent linbirement lorsque 
le pH croit jusqu’8 pH 4, puis croissent lineairement avec le pH. 
On suggere le passage du complexe d’un ion polymolybdate a un autre 
comme cause de ce minimum dans la courbe du Kd en fonction du pH. 
Cette supposition est appuyee par la courbe d’absorption en fonction 
du pH du complexe. Cette courbe montre une tendance assez accent&e 
a decroitre par rapport aux valeurs attendues & partir de pH 4. On 
presente des donnees thermodynamiques relatives a la dissociation 
du complexe. 
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Summary-A highly selective, substoichiometric method for determin- 
ation of traces of indium has been developed. The procedure consists 
of the addition of a substoichiometric amount of EDTA to the test 
solution labelled with a known amount of radio-indium, followed by 
the separation of the complex formed from the excess of unreacted 
indium on a Dowex-50 column. Using a preliminary cupferron 
extraction, the procedure becomes highly selective. The average pre- 
cision of the determination of indium for amounts of 1.1 pg/lO ml is 
1.604 in the presence of an excess of many metals. The maximum 
sensitivity of the method is about 5 x lo-” pg/lO ml. 

INTRODUCTION 

IN a previous paper’ the essential conditions were given for the determination of 
traces of metals using isotopic-dilution analysis by ion exchange. This method can 
be used if the following conditions are fulfilled : 
1. A radiotracer of suitable half-life and high specific activity is available. 
2. It is possible to isolate very small and equal amounts of the metal under investi- 
gation from solutions containing it in different amounts. 

The second condition can be fulfilled by adding equal amounts of a complexing 

agent to a standard solution containing only the radioisotope used and to the test 
solution to which a known amount of standard solution has been added. The amount 

of complexing agent added has to be smaller than stoichiometrically corresponds to 
the amount of the metal to be determined. This substoichiometric amount of the 
reagent must react quantitatively with the metal to be determined and the complex 
formed must be easily separated from the excess of unreacted metal ions. Obviously, 

EDTA is a very suitable reagent because it forms stable neutral or negatively charged 
complexes which are easily separable from the excess of unreacted metal ions on a 
cation-exchange column. 

With EDTA indium forms a very stable negatively charged complex (log K, = 
25-O: see Table I). Also, two radioisotopes of indium (l14Yn and l15Yn) are available, 
and therefore isotopic-dilution analysis by ion exchange can be used for the deter- 
mination of traces of this metal. Uni-, bi-, quinque- and hexavalent metals will not 
interfere in the determination because the stability constants of their complexes with 
EDTA are much lower than those of indium (see Table I). However, interference from 
some ter- and quadrivalent metal ions can be expected. Using a preliminary cupferron 

extraction followed by back-extraction of indium into dilute hydrochloric acid, indium 

* Part I : see reference 1. 
? Present address: Institute of Nuclear Research, Dubna, U.S.S.R. 
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TABLE I.--STABILITY CONSTANTS (K,) OF METAL 
COMPLEXES WITH EDTA AND EXTRACTION DATA 

OF METAL CUPFERRATES (K = EXTRACTIaN 
CONsTANf; pH,le .= pH AT WHICH 50% Of 
METAL IS EXTRACTED INTO o*oos~ CUPFERRON 

SOLUTION IN CHLOROFORM).’ 

Metal ion log K, log K PlI,/Z 

Ag+ 
AP+ 
Baa+ 
Be2’ 
Bi3+ 
CaZ+ 
Cd2+ 
co*+ 
CL+ 
Fe3+ 
Gas+ 
HP+ 
Hg+ 
In3 + 
Las+ 
Mg2+ 
Mn2f 
Moyr 
Nb” 
NF 
Pb2+ 
Pd?+ 
Sb3+ 
SC*+ 
8r”C 
TiOZf 
Tlf 
TISf 
ThP+ 
uo,‘J+ 
vo,+ 
WV’ 
Y3+ 
Zn2+ 
zr’+ 

I-1 
16.1 -3.5 
7.8 
9.3 -1.54 

26 5.08 
10.7 
16.9 
16.6 -3.56 
18.9 2.66 
25.1 9.8 
20.3 4.92 

21.8 0.91 
25.0 2,42 
15.3 -6.22 
8.7 

12.9 

18.4 
18.3 -153 
18.5 

23.0 3.34 
8.6 

17.5 
6.6 

23.2 3 
23.2 444 

18.0 -4.74 
16.3 
28 

P 
5.51 
N 
3.07 
0.6 
N 
P 
4.08 
1.03 

<O 
0.7 

<O 
1.85 
1.5 
4.4 
N 
P 

<:0 
<co 

P 
3.06 

-tO 
(0 

1.2 
N 

t0 

1.5 
1.2 
N 

/:o 
P 
3.9 
8 

-co 

N-metal ion is not extracted. 
P-only partial extraction of metal ion occurs. 

can be separated from most interfering metals. However, as with all other methods 
based on the isotope-dilution principle, this preliminary separation need not be 
quantitative. 

EXPERIMENTAL 
Apparatus 

Scintillation counter: Well-type NaI(TI) crystal. 
Geiger-Miiller end- window counter 
pH-meter: Radiometer TTT 1 (Copenhagen, Denmark). 
Glass test-tubes: With ground stopper. 
ion-exchange columns: A set of 12 columns, each 0.4 cm diameter and 10 cm high. 

Reagents 
Triple-distilled water.’ Used for dissolving all reagents and for all other operations. 
Cupferron (ammonium salt af N-nitrosophenylhydroxylamine) solution: Prepared by extraction of a 
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O*OOSM solution of AnalaR cupferron inO.OOlMhydrochloric acid with an equal volume of chloroform. 
This solution was prepared freshly before each series of experiments. 

Hyakochioric acid: AnalaR grade purified by repeated distillation. 
Ascorbic acid ~olui~~: 10% solution in water of the AnalaR reagent. 
Ethylentdiam~~nererra-acetic acid (EDTA): AnalaR disodium salt. 
Acetate bu&r solution (pH 3.0): Purified by cupferron extraction. 
Cation exchanger: Dowex 50 Wx in the Na-form, SO/l00 mesh. 
Indium chloride (carrier) solution: Prepared by dissolving 99.999% pure metallic indium in 

hydrochloric acid and diluting with water to the appropriate concentration. 

Radioisotopes 

ll*mIn (Qr = 50 duy, p. Y): Prepared by irradiation of metallic indium in a nuclear reactor. 
‘ismIn (& = 4-5 hr, p, y): Carrier-free i*‘mIn was prepared by the nuclear reaction 

The cadmium (as CdCl2) was purified, before irradiation, from traces of indium originally present by 
acetylacetone solvent extraction. After irradiation, the sample was dissolved in slightly acidified 
water, the pH adjusted to co. 5 and carrier-free indium extracted with O.lM acetylacetone in chloro- 
form.* The indium was stripped into OelM hydrochloric acid, evaporated to dryness and the residue 
dissolved in an acidified indium carrier solution of appropriate concentration. 

Preparation of cation-exchange columns 
The columns were filled with cation-exchanger Dowex 50 and washed 3-5 times with EDTA 

solution, then 3-5 times with water. This purification was repeated before each series of experiments. 

Procedure 
To 10 ml of a solution containing in addition to the indium to be determined an excess of other 

metal ions, a precisely known amount of radio-indium* (y) was added. The pH of the solution was 

TABLE IL-INFLUENCE OF VARIOUS METAL IONS 
(l-10 pg of In/l0 ml; 1 ml of 5 x 10-8M EDTA added) 

Indium Active 
taken indium 

Activity of eluate Indium 
Deviation 

from mean 
(x), added (yi, 

found, 
M 

(9). 
I% &? A1 A, lY 

l-10 1.85 7499 4677 1.12 
7499 4611 1.16 
7499 4870 1 .oo 
7499 4681 l-12 
7499 4866 1.00 

7499 4806 1.04 
7499 4816 1.04 
7139 4457 1.11 
7139 4506 1.08 
7139 4386 l-16 
7139 4430 1.13 
6441 3991 1.13 
6441 4151 1.02 
6441 3893 1.21 
6441 3880 1.21 

Other metals present, 

1% 

- 
Jro.02 
-l-0.06 100 
-0.10 1000 
10.02 1000 
-0-10 1000 

-0.06 10 
-0.06 10 
-i-0.01 
-0.02 1000 
+0.06 1000 
to.03 1000 
+0*03 
-0.08 10 
-to.11 10 
+0.11 10 

0 
Ct.P, I-@+, Znz+, A@ 
Cd%+ Pbe+ Ni2+ Co2*, Znz+ 

Tl+, &nz+, he*+, ‘K+, Na+, CaZf 
Vv, Movi WV’ DO,*+, Cp+ 1 , 
Las+, SF. 
Gas+ 
Zr4 + 
0 
G@ 
A@ 
St++ 
0 
Ti4+ 
Th4’ 
Bi*+ 

s =* 

XX 
X=1 

(I = - zzz 1.10; & = 5 
n J Ch~ 

- = +1.60&; 
n/n - lj 

o-x===o==oo/b. 

* The procedure was checked with both li*mIn and iismIn. In practice, the choice of isotope 
which will give the required sensitivity depends on its specific activity. 
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adjusted to 2-3 by adding hydrochloric acid or acetate buffer solution. This prepared solution was 
successively extracted with two 5-ml portions of cupferron solution in chloroform. The combined 
extracts were shaken with 2-3 ml of O*lM hydrochloric acid, then transferred into polyethylene 
bottles. The amount of indium recovered can be controlled by measuring the activity of the hydro- 
chloric acid with a Geiger-Miiller counter. However, this separation need not be quantitative. 
To the treated solutions some drops of ascorbic acid solution were added to reduce the last traces of 
iron”’ present. After adding a substoichiometric amount of EDTA, the pH was adjusted to 2-3 with 
acetate buffer and the solution passed through a cation-exchange column at the rate of O-3 ml/min. 
After washing the column with water, the activity (A,) of the eluate was measured with a scintillation 
or Geiger-Miiller counter. A standard solution containing only radio-indium was treated in exactly 
the same way. The amount of radio-indium present in this solution need not be known precisely, but 
it must be higher than stoichiometrically corresponds to the EDTA present. Furthermore, the amount 
of EDTA must be precisely the same as in the test solution. After measuring the activity of the eluate 
(A,), the amount of indium (x) present in the test solution was calculated from the relation 

Al 
x=y --1. ( 1 A, 

Some results of the determination of indium in the range 1.1 pg/lO ml to about 5 i: 1O-5 pg/lO ml 
are summarised in Tables II and III. 

DISCUSSION 

From the results given in Table 11 it follows that the determination of traces of 

indium is very selective. Using the preliminary cupferron separation many metals are 

extracted simultaneously with indium (i.e., metals for which pH,/, <3*54-O: see 
Table I). By shaking the extract with dilute hydrochloric acid, indium passes into the 
aqueous phase, whereas ironrrr, zirconium, hafnium, etc., remain in the organic 
phase (see Table 1). Using a substoichiometric amount of EDTA, only indium and 
bismuth react, forming negatively charged complexes (see Table 1). This fact was 
verified experimentally. It was found that a one hundred- to one thousand-fold excess 
of alkali metals, alkaline earths, copper, mercuryII, zinc, silver, cadmium, lead, nickel, 
cobaltIr, thalliumI, vanadiumv, molybdenumvl, tungstenvl, uraniumV1, chromiumrrr, 
ironrrr, lanthanum, germanium, arsenicI and tinrv, and a ten-fold excess of titanium, 
zirconium, thorium and gallium, did not interfere. Bismuth interferes when present 
in excess, but its interference was eliminated by a preliminary extraction with 10b3M 
dithizone in chloroform at pH 2-3. 

The maximum sensitivity of the method (about 5 x 10-j pg of In/l0 ml) was 
reached using carrier-free indium. Correction was made for the l17Yn and l171n 
present in the carrier-free indium as a result of 

l16Cd (nr) 117mCd 

ll’lmCd -f 117mIn + InIn_ 

CONCLUSION 

It has been shown that the use of EDTA for the substoichiometric determination 
of indium is advantageous not only for the high selectivity of the method, but also 
for the high stability of the EDTA solution against oxidation even at the lowest 
concentration. Thus, better reproducibility of the determination of a minute amount 
of the metal can be reached in comparison with isotopic-dilution analysis by solvent 
extraction. 

Acknowledgement-The authors thank Dr. M. Williams for his interest in this work, and Professor 
V. Majer and Dr. G. B. Briscoe for critical discussion. 
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Zusammenfassung-Eine hochselektive unterstijchiometrische Methode 
zur Bestimmung von Indiumspuren wurde entwickelt. Man gibt eine 
unterstochiometrische Menge EDTA zu der mit einer bekannten 
Menge Radio-Indium markierten Probelosunp. Dann wild der 
Kom)lex vom iiberschiissigen, nicht gebunden& Indium auf einer 
Dowex 50-Stiule abgetrennt. Nach vorhergehender Kupferronex- 
traktion wird das Verfahren hochselektiv. Die mittlere Genauigkeit 
der Indiumbestimmung bei Mengen von 1,l yg/lO ml ist 1,6% in 
Gegenwart eines Uberschusses vieler Fremdmetalle. Die maximale 
Empfindlichkeit der Methode liegt bei etwa 5. 1O-5 pug/l0 ml. 

R&urn&-On a tlabore une methode substoechiometrique, hautement 
selective, de dosage de traces d’indium. La technique consiste en 
l’addition dune quantitt substoechiometrique d’EDTA a la solution 
etudiee, marquee dune quantite connue de radio-indium, suivie de la 
separation du complexe forme de l’exds d’indium qui n’a pas reagi, 
sur une colonne remplie de Dowex 50. En procedant a une extraction 
preliminaire au cupferron, la technique devient hautement selective. 
La precision moyenne du dosage de l’indium pour des quantites de 
1,l ,eg/lO ml est de 1,6% en presence d’un exces de nombreux mttaux. 
La sensibilite maximale de la methode est d’environ 5 x 1O-5 pug/l0 ml. 
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Snmma~-The possibilities of substoichiometric determination of 
traces of metals by activation analysis and isotope-dilution analysis 
are critically discussed and optimum conditions given for the deter- 
mination of 24 metals. 

INTRODUCTION 

DURING the last few years procedures for the substoichiometric determination of 
traces of zinc, mercury, copper, iron, silver, molybdenum, indium, arsenic, antimony, 
cobalt and gallium in highly pure materials (e.g., germanium dioxide, silicon, lead, 
etc.) have been developed in our laboratory. 1-15p22 Because of the high selectivity and 
simplicity the possibilities of this method are now being studied in other laboratories, 
but not in all cases are the best conditions (especially as regards suitability of reagent 
and pH for determination) selected. To stimulate the development of this method 
optimum conditions for the determination of 24 metals are given in the present paper. 

Substoichiometry can be used in activation analysis and isotope-dilution analysis 
because in both methods the element to be determined need not be isolated quantita- 
tively from the test sample, the amount being calculated from the activity of its 
radioisotope. It has previously been shown that for the substoichiometric deter- 
mination of any element two basic conditions need to be fulfilled:1*7*16,1s 
1. A suitable radioisotope of the element to be determined is available. 
2. It is possible to isolate equal amounts of the element to be determined from the 

standard and test solutions containing it in different amounts. 
Radioisotopes suitable for the determination of traces of metals by activation 

analysis and isotope-dilution analysis are summarised in Table I.ls 
The second condition can be accomplished by adding a substoichiometric amount 

of a complexing agent. This reagent must be consumed quantitatively, forming a 
complex easily separable from the excess of unreacted metal ions. In our experience 
the most suitable reagents are organic reagents forming complexes extractable into 
organic solvents and complexones forming neutral or negatively charged complexes 
readily adsorbed on cation-exchange columns. 

In activation analysis the amount of element handled is relatively high because 
1 to IO-mg amounts of isotopic carrier are usually added. For this reason 10-2-10-3M 
solutions of the organic reagents can generally be used and their stability towards 
oxidising agents and decomposition by light need not be so high as in the case of 
isotope-dilution analysis. For well known reasons any non-active trace contaminants 
carried into the treated sample after irradiation (originating from reagents, walls of 

* Present address: Institute of Nuclear Research, Dubna, U.S.S.R. 
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vessels, etc.) cannot influence the result of the analysis. The disadvantages of 
activation analysis are : 
1. The total activity handled is often high. 
2. The nuclear interferences and shielding effects must be considered. 
3. The proposed separation procedure has to be highly selective. 

In isotope-dilution analysis an isotopic carrier cannot be added; therefore 
the amount of the element handled is often very low (10--6-10-10g) and the solu- 
tions of organic reagents used for substoichiometric determination are very dilute 
(10-5-10-s M). For this reason complexones are more advantageous than the organic 
reagents used in solvent extraction because their stability towards oxidising agents 
is much higher. In the later case it seems to be promising to use instead of organic 
reagents their metal complexes (e.g., copper dithizonate can be used for the sub- 
stoichiometric determination of mercury). The second disadvantage of isotope- 
dilution analysis, as in other destructive analytical methods (e.g., spectrophotometry, 
polarography, etc.), lies in the fact that contamination of the treated sample by the 
element to be determined influences the result of the analysis. Therefore, in this type 
of determination, the reagents, vessels and distilled water must be especially purified. 
The advantages of isotope dilution are as follows: 
1. The activity handled is negligible. 
2. It is not necessary to irradiate the sample in a nuclear reactor. 
3. In some cases (if a carrier-free isotope or one of high specific activity is available), 

a higher sensitivity can be reached than by activation anaIysis. 
From the above it follows that activation analysis is more suitable than isotope- 

dilution analysis for determining traces of elements in such materials as metals, ores 
and minerals, the decomposition of which requires a large amount of reagents (e.g., 
acids, hydroxides, etc.). Isotope-dilution analysis is advantageous for determination 
of traces of metals in easily decomposed or water-soluble materials. This method, 
when the neutron-activation cross section is Iow andfor when the half-life of the radio- 
isotope formed is very short, is more sensitive than activation analysis. 

SELECTED SEPARATION PROCEDURES FOR SUBSTOICHIOMETRIC 

DETERMINATION OF TRACES OF METALS 

Selective procedures for the substoichiometric determination of traces of 24 metals 
by activation analysis (AA) or by isotope-dilution analysis (IDA) are now summarised. 
The conditions for the determination of 11 of these metals have been verified experi- 
mentally. Optimum conditions for the determination of the other metals are predicted 
on the basis of the theory of substoichiometry. However, this method can also be 
used for the determination of many other elements, but, because of the lack of stability 
constants or extraction constants, conditions for their substoichiometric determination 
cannot be predicted. Ion-association complex extraction systems and precipitation 
reactions (especially precipitation from homogeneous solution) have not been con- 
sidered, although these methods might be useful in activation analysis. 

Antimony and arsenic can be determined by AA using diethylammonium diethyl- 
dithio~arbamate or lead diethyldithiocarbamate solution in chloroform as an organic 
reagent.15 In the case of antimony cupferron can also be used.22 Interfering metals 
are removed by preliminary extraction with the same reagents before the reduction of 
antimonyv and arsenicV to the tervalent state. These reagents are not suitable for IDA 
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because of their low stability in very dilute solutions. The determination of antimonyV 
by IDA was worked out by extraction with a substoichiometric amount of methyl 
violet into toluene from 1 :l hydrochloric acid.20 

~jsmuth can be determined using a substoichiomet~c amount of EDTA at pH 1-2. 
Using a preliminary dithizone extraction in the presence of potassium cyanide,le the 
method becomes very selective. This procedure can be used both in AA or IDA. 
For nuclear reasons (see Table I), a higher selectivity can be reached by means of IDA. 

Cadmium can be determined at pH 4-5 using a substoichiometric amount of EDTA. 
However, this procedure in not very selective and a preliminary dithizone extraction 
from basic solution must be carried out to increase its selectivity.17 The proposed 
procedure is suitable for AA as well as for IDA. 

Chromium will probably be best determined by formation of the very stable 
chromiumIIr-EDTA complex. Interfering metals can be removed by preliminary 
extraction with dithizone and 0xine.l’ 

Cobalt, in trace quantities, has been determined by AA in iron” sulphate. After a 
preliminary cupferron extraction using fluoride as masking agent, cobalt was deter- 
mined by extraction with 1-nitroso-2-naphthol. l2 The substoichiometric determination 
of cobalt by IDA using EDTA was shown to be unsuitable, because many elements 
interfered.12 

Copper has been determined by AA8 and by IDA5 using dithizone extraction into 
carbon tetrachloride. Using potassium iodide as masking agent and the technique 
of successive extraction with several substoichiometric amounts of reagent, the method 
becomes highly selective, 

Gallium has been determined by AA using a preliminary a-benzoinoxime ex- 
traction for removing molybdenum, vanadium and tungsten, followed by extraction 
of gallium with a substoichiometric amount of oxine in chloroform at pH 3.6.13 
Thiosulphate and ascorbic acid were used as masking agents for copper and iron. 
A substoichiometric determination of gallium based on the formation of the 
galliumrrr-EDTA complex at pH 2-2.5 seems to be advantageous for IDA. 

Gold, in trace amounts, can be determined both by AA and IDA using extraction 
with a substoichiometric amount of dithizone in chloroform. Interference from 
palladium can be removed by a preliminary dimethylglyoxime extraction; bromides 
or iodides can be used for masking mercury and silver. 

Indium, in trace quantities, in germanium dioxide, has been determined by AA 
using a substoichiometric amount of EDTA at pH 2-3.11 This procedure becomes 
very selective if a preliminary dithizone or cupferron extraction is followed by back- 
extraction of indium into dilute mineral acid. The same procedure has been applied 
to the substoichiometric determination of indium by IDA. Using carrier-free indium, 
down to about 5 x lo-r1 g of indium~l0 ml was determined.rP 

Ironrrr down to 2 x 1O-g g/5 ml has been determined using IDA. Separation 
procedures using a substoichiometric amount of EDTAP or substoichiometric ex- 
traction with cupferrorP are both very selective. The separation procedure will also 
be valuable for AA. 

Lead cannot be determined by AA for nuclear reasons. On the other hand, it 
can be determined by IDA because a carrier-free isotope of lead (see Table I) is 
available. The proposed procedure consists of adding a substoichiometric amount 
of EDTA at pH 4-5 and separation of the resulting complex on a cation-exchange 
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TABLE L-SUITABLE RADIOISOTOPES FOR S~BSTOICHIOMETRIC DETERMINATIONS’ 

Element 

Radio- 
nuclide 

Activation analysis (AA) 
Isotopic-dilution 

analysis (IDA) 

Activation Natural Suitable 
cross section, abundance, radio- 

Half-life barns 94 isotope Half-hfe 

Antimony YSb 
Arsenic ‘8As 

Bismuth 
Cadmium 

Chromium 

Cobalt 

Copper 

Gallium 

Gold 
Indium 

Iron 

Lead 

Mercury 

YSb 
“lomBi 

l15Cd 
“6mCd 

ll’Cd 
jlCr 
jjCr 

6wzo 
wo 
61Cu 
“RCU 
‘OGa 
72Ga 
lssAu 
UrnIn 
1’6”‘In 
55Fe 
5sFe 

Molybdenum 

Nickel 
Palladium 

Platinum 

Scandium 
Silver 

Thallium 

Thorium 

Vanadium 
Zinc 

Zirconium 

2.8 day 6.8 57.25 
265 hr 5.4 100 

60 day 2.5 42.75 
5.0 day 0.019 100 
2.3 day 1.1 28.86 

43 day 0.14 28.86 
2.9 hr 1.5 7.58 

27.8 day 15.9 4.31 
3.6 min 0.38 2.38 

10.5 min 16 100 
5.27 yr 20 100 

12.8 hr 4.51 69.09 
5.1 min 1.8 30.91 

21.1 min 1.4 60.4 
14.1 hr 5.0 39.6 
2.7 day 96 100 

50 day 56 4.28 
54 min 155 95.72 
26 yr 2.8 5.82 

45 day 1.01 0.33 

24 hr 420 0.146 
65 hr 880 0.146 
47 day 3.8 29.8 
67 hr 0.51 23.78 
15 min 0.20 9.63 
2.56 hr 1.52 1.08 

17 day 4.8 0.96 
13.6 hr 10.4 26.71 
4.4 day 90 0.78 

18 hr 0.87 25.3 
84 day 12 100 
2.3 min 45 51.35 

253 day 3.2 48.65 
3.9 yr 8 29.5 
4.3 min 0.10 70.5 

22.4 min 7.33 100 

3.8 min 4.5 99.76 
245 day 0.47 48.89 
13.9 hr 0.097 18.57 
55 min 1.0 18.57 
65 day O-076 17.40 
17 hr 0.053 2.80 

51Cr 

55Fe 
59Fe 
=‘OPb 
(Ra D) 

zosH 
g 

9sMo 

5BNi 
lo3Pd 
loePd 
1wlpt 
l8’Pt 
“YSC 

9SZr 

2.8 day 
26.5 hr 
17.5 day 
60 day 

5.0 day 
2.3 day 

43 day 

27.8 day 

71 day 
5.27 yr 

12.8 hr 

78 hr 
14.1 hr 
2.7 day 

50 day 

2.6 yr 
45 day 
19.4 yr 

47 day 
67 hr 

2.56 hr 
17 day 
13.6 hr 
4.4 day 
18 hr 
84 day 

253 day 
3.0 yr 

24.1 day 

16.2 day 
245 day 

65 day 

a Data corrected to July 1961 from Chart of the Nuclides, Second Edition, prepared at Institute of 
Radiochemistry, Nuclear Research Centre Karlruhe, West Germany. 
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column. A preliminary dithizone extraction in the presence of potassium cyanide 
followed by back-extraction of lead into dilute acid increases the selectivity of the 

determinati0n.l’ 
Mercury has been determined by means of extraction with a substoichiometric 

amount of dithizone in carbon tetrachloride. This procedure is very selective and no 
preliminary separation steps need be carried out. It has been used successfully both 

in AAl and in IDA.3 
Molybdenum has been determined by AA using extraction with a substoichiometric 

amount of oxine.s The method is very selective because only palladium interferes. 
To propose a substoichiometric separation for the determination of traces of molyb- 
denum by IDA is very difficult because the extraction constants of molybdenum 
chelates are not known. However, the application of cupferron extraction for this 

purpose would be very interesting. 

Nickel, using a substoichiometric amount of EDTA, can probably be determined 
by AA. However, a preliminary dimethylglyoxime extraction will be necessary for 
removing interfering e1ements.l’ 

Palladium, because the extraction constant of palladium-dithizonate is very high, 
will be determined very selectively using a substoichiometric dithizone extraction. 
Thio-oxine also seems to be very promising for this purpose. 

Platinum can be determined using a substoichiometric amount of dithizone in the 
presence of tin11 chloride. All interfering metals can be removed by a preliminary 
dithizone extraction when platinum is present in the solution in the tervalent state.17 

Scandium can probably be determined by AA or by IDA with a preliminary 
oxine extraction17 followed by substoichiometric EDTA separation at pH 2.5-3. 

Silt~er. IDA by the extraction of silver with a substoichiometric amount of 
dithizone has been employed for the determination of traces of this element in bio- 
logical materials. 21 EDTA was a suitable masking agent for many metals. The above 
procedure has also been applied to the determination of traces of silver by AA. In this 
case a high selectivity was obtained by the technique of successive extraction with 
a substoichiometric amount of dithizone.lO 

Thallium. The best separation procedure for its substoichiometric determination 
is based on the formation of the very stable thalliumrrr-EDTA complex at pH 2. 
The selectivity can be increased by a preliminary dithizone extraction. 

Thorium, using a preliminary thenoyltrifluoracetone extraction,17 can be separated 
from most metal ions which would interfere in a subsequent separation of the thorium- 
EDTA complex at pH 2-3, using a substoichiometric amount of EDTA. This method 
will probably be more advantageous for IDA than for AA. 

Vanadium can be determined by AA using a substoichiometric extraction with 
oxine. 

Zinc, in trace quantities, can be extracted very selectively with a substoichiometric 
amount of dithizone in carbon tetrachloride in the presence of diethanoldithio- 

carbamate at pH 7-9. This method has been used successfully for the determination 
of zinc both by AAs and IDA.2 

Zirconium forms with EDTA one of the most stable complexes.17 For this reason 

the determination of this element using a substoichiometric amount of EDTA at 
pH 1 will be very selective. 
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Zusammenfassung-Unterstochiometrische Bestimmung von Metalls- 
puren. Die Moglichkeiten zur unterstochiometrischen Bestimmung 
von Metallspuren durch Aktivierungsanalyse und Isotopenverdtinnung 
werden kritisch diskutiert und optimale Bedingungen fur die Bestim- 
mung von 24 Metallen angegeben. 

R&rm&On discute de facon critique des possibilites de dosage 
substoechiomttrique de traces de metaux par analyse par activation 
et par dilution isotopique, et I’on dot-me les conditions optimales de 
dosage de 24 mttaux. 

REFERENCES 

1 J. R”uiiEka and J. Stati, Talunru, 1961, 8, 228. 
2 Idem, ibid., 1961, 8,296. 
s Idem, ibid., 1961, 8, 535. 
4 Idem, ibid., 1961, 8, 775. 
5 Idem, ibid., 1962, 9, 617. 
6 J. Staj, J. RfiiiEka and M. Salamon, ibid., 1963, 10, 375. 
’ J. RfiiEka and J. Stati, ibid., 1963, 10, 287. 
8A. Zeman, J. Ri%Eka and J. Stalj, ibid., 1963, 10, 685. 
s Idem, Analyt. Chim. Acta, 1963, 29, 103. 

lo Idem, Talantu, 1963, 10, 905. 
I1 Idem, ibid., 1963, 10, 981. 
I2 A. Galik, Diploma work, Faculty of Technical and Nuclear Physics, Praha, 1963. 
Is W. Schwanzerovii, Diploma work, Faculty of Technical and Nuclear Physics, Praha, 1963. 
I4 J. RbiiEka and J. Stati, Ta.!unta, 1964, 11, 691. 
I5 A. Zeman, J. RtiiiL(ka, J. Staj and E. Kldkovii, ibid., in press. 
I6 J. RhiiEka, J. Stat-$ and A. Zeman, Zhur. analit. Khim., in press. 
I7 J. Star$, Metal Chilate Solvent Extraction. Pergamon Pres^s, Oxford, in preparation. 
I8 J. RBiiEka and J. Stati, Chem. Lists. 1963. 57. 1045. 
Is R C. Koch, Activation ‘Analysis H&dbook; Academic Press, New York, 1960. 
2o I. ‘E. Zimakov and G. S. Rozhavskij, Trudy Kom. analit. Khim., Akad. Nauk. S.S.S.R., 1958, IX 

(XII), 231. 
21 N. Suzuki, J. Chem. Sot. Japan, 1959, 80, 373. 
z8 J. Ru”iiEka, J. Star9 and A. Zeman, Talanta, in press. 



Talanta, 1964. Vol. 11, pp. 703 to 712. Pergamon Press Ltd. Prmted in Northern Iceland 

A NEW OXIDIMETRIC REAGENT: POTASSIUM 
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TITRIMETRIC DETERMINATION OF VANADIUM’v 
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%mma~-Results are presented of investigations leading to the de- 
velopment of a procedure for the titrimetric deter~nation of vana- 
diumrv with potassium dichromate in a strong phosphoric acid medium 
(2 EM) at room temperature, using a potentiometric end-point. 
Ceriumrv, ironrrr, chromiumrlt, tungstenvx, molybdenumvr, ura- 
niumvl, cobaltrt and nickel11 do not cause any interference. Methods 
have also been developed for the differential potentiometric titration 
of iron” plus vanadium*v, manganese” plus vanadiumtv, and iron” 
plus manganeserr plus vanadiumrv in the same solution. The new 
reagent thus possesses several advantages over potassium perman- 
ganate and cerium*v sulphate. Application of the new reagent to the 
analysis of a ferro alloy and an alloy steel is considered. 

MUELLER and Just1 observed that a temperature of 70-80’ is necessary for the potentio- 
metric titration of vanadiumtv with potassium permanganate, even though the differ- 
ence in potential of the two redox couples involved is about O-45 V. Willard and 
Young2 investigated the visual titration of vanadiumIv with potassium ~~anganate 
in a solution buffered with sodium acetate using ferroln as indicator. Because the 
reaction is observed to be slow at room temperature, they recommended the titration 
to be carried out at SO”, adding the oxidising agent slowly. Recently, Gopala Rao and 
Dikshitul$ improved the method by using phosphoric acid (2.5 ml of syrupy phos- 
phoric acid/50 ml of mixture) as catalyst, which enables the titration of vanadiumrv 
with potassium pe~anganate to be made at room tem~rature at the usual speed 
using ferroi’n as indicator in 0*1-0~1534 suiphuric acid. Issa and Da& proposed 
adding a known excess of potassium permanganate to the vanadiumrv solution in the 
presence of a barium salt, then making the solution alkaline and titrating the excess 
permanganate with a standard solution of formic acid or thallium’ salt solution. The 
barium salt precipitates both the products of reaction, manganate and vanadate, the 
first being formed by the reduction of permanganate and the second by the oxidation 
of vanadiumIv. If telluric acid is used in place of a barium salt, the permanganate is 
reduced to manganeserv, which forms a manganeserV tellurate complex. 

Willard and Young6 reported that the potentiometric titration of vanadiumtv 
with ceriumrv sulphate is quantitative in sulphuric, hydrochloric or perchloric acid 
solution at 70-75”. The break in potential at the end-point decreases as the acidity is 
increased, Furman6 independently found that the potentiometric titration of vana- 
diumrv with ceriumrV sulphate gives accurate results when carried out at 50-60”. 

* Part I : see reference 13. 
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Gopala Rao and Dikshitulu ‘s8 found that the reaction between vanadiumlv and cer- 
iumrv sulphate is catalysed by phosphoric acid, so that the titration of vanadiumIv 
can be made with ceriumIv sulphate at room temperature in 0.75%1.25M sulphuric acid 
with a potentiometric end-point or using Rhodamine-6G as a fluorescent indicator. 

Smith and Getzg found that vanadiumrv perchlorate can be titrated at room 
temperature in 8M perchloric acid with a solution of ammonium hexanitratocerate( IV) 
in perchloric acid with a potentiometric end-point. Obviously the method has 
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FIG. 1 .-Formal redox potentials of the vanadiumv/vanadiumIv and chromiumvl/chro- 
miurn”I couples in a medium of varying phosphoric acid concentration :13.1a 

0-0 vanadiumv/vanadiumrv couple, 
A---A chromiumvl/chromiumlll couple. 

little practical significance, because it is tedious to obtain vanadiumIv as a perchlorate 
in a perchloric acid medium. 

Riolo and SoldPO proposed boiling a vanadiumrv solution to eliminate all dissolved 

oxygen and treating the same with a known excess of alkaline sodium chlorite. The 
vanadiumrv is instantaneously oxidised to vanadiumv by the chlorite. The vanadiumv 
is precipitated as barium vanadate and the excess sodium chlorite determined iodo- 
metrically. It is obvious that the method is indirect and tedious. Willard and Manaloll 
recommended the use of 2-carboxy-2’-methoxydiphenylamine and similar diphenyl- 
amine derivatives in the titration of alkaline hexacyanoferrate(II1) with vanadiumIv 
at room temperature. 

Willard and Merritt12 found that vanadiumrv is rapidly and completely oxidised 
by ozone in a dilute sulphuric acid medium at room temperature. The addition of 
phosphoric acid to give an over-all concentration of 0*75M is recommended. The 
resulting vanadiumv is titrated with a standard solution of Mohr’s salt, after the 
excess of ozone is eliminated. The method has the disadvantage that it is indirect and 
is subject to interference by manganeseT1, which is partially oxidised to permanganate. 
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From the foregoing review of the literature, it is seen that potassium dichromate 
has not been tried as an oxidant for vanadiumrv in an acid medium. Therefore we 
have now undertaken such a study. We13 have previously reported the formal redox 
potential of the chromiumvr/chromiumlI’ couple in a medium of varying phosphoric 
acid concentration. These values and those of the formal redox potential of vana- 
diumv/vanadiumrv couple as determined by Gopala Rao and Dikshituld4 in a 
medium of varying phosphoric acid concentration are graphically represented in 
Fig. 1. From the curves it will be observed that in a 12M phosphoric acid medium, the 
difference in the formal potential of the two couples is 0.273 V at 28”, which is suffi- 
cient for a rapid oxidation of vanadiumrv by chromiumvr to proceed. Using this 
value the equilibrium constant of the reaction can be calculated from the cell reaction 

6Voz+ + Gr,G,2- + 5H,O -+ 6VO,- + 2Cr3+ -I- IOH+ 

to be K = 2.692 x 10z7 (log, K = nF x EJRT). Several electrometric titrations 
have shown that the time required for the attainment of steady potentials in the 
vicinity of the equivalence point is about 6 min when the concentration of phos- 
phoric acid is 9M, about 3 min when the concentration of phosphoric acid is 10.5M 
and only 1 min when the concentration of phosphoric acid is about 12M. 

EXPERIMENTAL 

Reagents 

0.1M Vanadium”’ sulphate solution. Prepared by reducing an aliquot volume of about 0.2M 
sodium vanadate solution in a sulphuric acid medium with sulphur dioxide at boiling temperature, 
driving off the excess of sulphur dioxide by passing a rapid stream of carbon dioxide, then making up 
the solution to the desired volume. The solution is standardised potentiometrically with a standard 
solution of ceriumxv sulphate according to the procedure of Dikshitulu and Gopala Rao.7 

0,033MPotassium dichromate solution. Prepared from “Pro Analysi” grade potassium dichromate 
supplied by E. Merck (Germany). 

Phosphoric acid. Syrupy phosphoric acid of AnalaR grade supplied by British Drug Houses 
Limited (England) and syrupy phosphoric acid of “Pro Analysi” grade of E. Merck (Germany) have 
both been used successfully in this investigation. The potential break at the equivalence point with 
the B.D.H. phosphoric acid is about 35 mV and with the Merck phosphoric acid about 40 mV in the 
titration of 2-10 ml of about O.lM vanadiumrv sulphate solution (diluted to 50 m1)/0+04 ml of O-033M 
potassium dichromate solution. 

Apparatus 

The potentiometric assembly consists of a Cambridge potentiometer and a suspension galvano- 
meter. A bright platinum rod electrode is used as indicator electrode and a saturated calomel electrode 
as reference electrode. The salt bridge consists of an inverted U-tube with porous end plates. The 
indicator electrode and reference electrode are connected through two salt bridges, one filled with 
saturated sodium perchlorate and the other filled with saturated sodium nitrate, The mixture is 
stirred during the titration by means of an electromagnetic stirrer. 

Iv Experiments have shown vanadium to be quite stable in a strong phosphoric acid medium so 
that the titration of vanadiumtv with potassium dichromate can be made safely in air. It may be of 
interest to note in this connection that Del Fresno and Mairlotls carried out the titration of chromate 
in 6.0M sodium hydroxide solution at 70” with vanadiumrv sulphate solution, an inert atmosphere 
being maintained because of the sensitivity of quadrivalent vanadium in an alkaline medium. 

Potentiometric Titration of VanadiumI” 

From 2 to 10 ml of O,lM solution of vanadiumn are taken in a 150-ml Pyrex beaker and treated 
with 40-50 ml of syrupy phosphoric acid (90%). The mixture is connected to the saturated calomel 
electrode through a saturated sodium perchlorate bridge and a saturated sodium nitrate bridge, then 
titrated with a standard solution of 0.033M potassium dichromate while it is stirred by means of an 
electromagnetic stirrer. Potentials are measured 1 min after the addition of each portion of the 
titrant using the potentiometric assembly already described. A typical potentiometric titration curve 

6 
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(E vs. V) is given in Fig. 2. Because the potential break at the equivalence point is not very high. 
the equivalence point of the titration is better read from the curve obtained by plotting AE/AV against 
V. A representative curve of this type is shown in Fig. 3. A large number of titrations of vanadiumrv 
have been carried out in this manner and some typical results are given in Table I. The method 
enables vanadiumrv to be determined with an error not exceeding +0*39/,. 
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FIG. 2.-Potentiometric titration of 
vanadiumrv (37.32 mg) with 0.033M 
potassium dichromate in a 12M 

phosphoric acid medium. 

Volume of potoss~um dlchromote, ml 

FIG. 3.-Potentiometric titration of vanadium*v 
(37.32 mg) with 0.033M potassium dichromate 

in a 12M phosphoric acid medium. 

If a higher break in potential is desired, the alternative procedure prescribed later in this paper may be 
followed. 

Interferences 

In the presence of chloride no potential break is found at the equivalence point. Nitrate inter- 
feres by slowly reacting with vanadium Iv. When the over-all concentration of nitrate is 0.5M and 
l.OM the results are low by 1.7% and 2*5%, respectively. Ironrr, uraniumrv, molybdenumv, tung- 
stenv, ceriumrrr, arsenicrIr, antimonylrl and manganese” are also oxidised by potassium dichromate 
under the conditions proposed for the titration of vanadium’v. Cobaltlr, ceriumrv, nickel”. ironrrr, 
tungsten”‘, molybdenumvl, uraniumvr and chromiumrrr do not interfere as can be seen from Table 
II. Calcium, aluminium, and magnesium also do not interfere. Sulphuric and perchloric acids do 
not interfere even up to an over-all 1 N concentration. 
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TABLE I.-P~TENTI~METRI~ TITRATION OF VANA- 
DImxV WITH POTASSIUM DICHROMATE IN A 12M 

PHOSPHORIC ACID MEDIUM 

Vanadium’v taken, Vanadiumrv found, 

mg mg 

12.53 12.51 
19.23 19,23 
22.75 22.80 
28.39 28.46 
33.43 33.53 
38.46 38.46 
45.10 45.17 
49.33 49.39 

Differential Potentiometric Titration of a Mixture of Iron” and VanadiutdV 

Willard and Young5 achieved the differential potentiometric assay of ironrr and vanadiumrv 
with cerium*v sulphate by titrating the mixture first at 5-lo”, then at 70-75”. The first break in 
potential corresponds to iron*’ and the second break to vanadiumtv. Furmana published a somewhat 
similar procedure almost simultaneously. The first part of the titration with ceriumrv sulphate is 
recommended to be carried out at room temperature and the second part at 50-60”. However, the 
method has the disadvantage that the first break in potential is very low. Gopala Rao and Dik- 
shitulu’ reported the simultaneous differential titration of iron” and vanadium’v in a 0*5-l.OM 
sulphuric acid medium with ceriumlv sulphate at room temperature using a small quantity of ortho- 
phosphoric acid as a catalyst for the oxidation of vanadiumrv by cerium’v sulphate. They found 
that the potential breaks are about 60-70 mV and 55-65 mV/O.05 ml of 0.OSM ceriumrv sulphate 
for the oxidation of iron11 and vanadium’v, respectively. 

TABLE II 

Addenda 
Amount added, Vanadium’v found,0 

mg mg 

Cobalt” 
Cobaltrr 
Nickelrr 
Nickel” 
Ironrrl 
Iron”’ 
Molybdenumvr 
Molybdenumvl 
Tungstenvl 
Tungstenvl 
Uraniumv’ 
Uraniumvl 
Chromiumrrr 
Tungstenvr 
IronrIr 
Cobalt” 
Nickel” 
Ceriumlv 

33 
66 
19 
38 
27 
56 
48 
96 
55 

110 
58 

116 
20 
55 
27 
33 
19 
70 

37.20 
37.20 
37.20 
37.20 
37.20 
37.20 
3720 
37.26 
37.20 
37.28 
37.20 
37.11 
37.20 

37.29 

37.20 

37.20 

n37.20 mg of vanadiumrv taken. 

When one attempts the titration of a mixture of iron” and vanadiumIv with potassium dichro- 
mate in a strong phosphoric acid medium, two different cases arise, firstly when the iron” is in excess 
of vanadiumrv (Case I) and secondly when the amount of iron I* is less than that of the vanadiumrv 
(Case II). Vanadiumrv is reduced to vanadiumlrl by ironI 
as already reported by Gopala Rao and Dikshitulu,lE 

as soon as phosphoric acid is added, 
so that in Case I there will be a mixture of 

vanadium”‘, iron” and ironrrr and in Case II there will be a mixture of vanadiumrrr, vanadiumtv 
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and ironrrr. Because ironrr is unstable to atmospheric oxygen in a strong phosphoric acid medium, 
strict nrecautions should be taken to see that in all experiments corresponding to Case I, the phos- 
phorid acid is added only after all atmospheric oxygen is driven off by a str&g current of carbon 
dioxide, which is also maintained during the subsequent titration. The titrations should atso be 
made with a sohztion of potassium dichromate which is free from dissolved oxygen. In titrations of 
Case I, three potential breaks have been observed, the first corresponding to the oxidation of ironxr 
to ironrrr. the second corresnondine to the oxidation of vanadiumrrr to vanadiumrv and the third 
corresponding to the further’oxidatyon of vanadium Iv to vanadiumv. When the amount of ironrr 
(Case II) is less than that of vanadiumIv, an amount of vanadium*11 equivalent to that of iron” is 
formed. Only two breaks are observed, the first corresponding to the oxidation of vanadiumrrr to 
vanadiumrV and the second corresponding to the oxidation of vanadiumrv to vanadium”. An 
advantage with these systems is that it is not necessary to maintain an inert atmosphere, because the 
vanadiumrrI formed is resistant to atmospheric oxidation for the duration of a titration. The results 
presented in Table III show that the error is j,O4% for the iron rr determination and +0.3’% for the 
vanadiumrv determination. Figs. 4 and 5 give potentiometric titration curves typical of Cases I and 
II, respectively. The potential at the first equivalence point attains a steady value only after 8 min, 
in titrations corresponding to Case I. After the first break is obtained the potentials are noted 2 min 
after each addition of potassium dichromate solution. After the second break the potentials are 
noted 1 min after each addition of potassium dichromate solution. The first break in potential 
amounts to about I20 mV, the second to about 200 mV, and the third to about 40 mV[O+O4 mf of 
@(333&f potassium dichromate solution, when the totat volume of titration mixture is about 50 ml. 
Because the potential break for vanadium rv axidation is not very high, a plot of AE/AV us. V is 
also given for the vanadium*v part of the titration in Figs. 4 and 5. 

TABLEIIL-DIFFERENTIAL POTENTIOMETRIC TITRATION OF IRONI* AND VANADIUM*~ WlTH POTASSIUM 
DICHROMATEIN A 12kfPHOSPHORIC ACID MEDIUM 

IronrE, mg Vanadiumrv~ nrg 
-~ __I_ - 

Found 

Taken Found Taken From second From third Remarks 

break break 

8527 8.56 2436 2430 
14.70 14-70 41.12 41-06 
14.92 $4-98 30.20 30.13 
18.09 18,14 1862 18.67 
2244 22.39 40.27 40.17 
22.68 22.68 30.21 30.21 
34.85 34.79 22~47 22.52 
37.92 37.81 2604 26.04 
50.49 SO-27 3362 3352 
56fO 55.88 37.25 37.25 

Ironrr content less than 
- 1 that of vanadiumrv; hence 

titrations carried out in 
presence of air. 

Ironrr content greater than 
that of vanadium” ; hence 
titrations carried out in 
carbon dioxide atmosphere. 

Alternative Procedure for Potentiometric Titration of VanadiunG7 

In the procedure described above, it has been noted that during the potentiometric titration of 
vanadiumrv in a 12M phosphoric acid medium, the potential jump at the inflection point is about 
40 mV/O.O4 ml of 0,033M potassium dichromate solution. If a more satisfactory jump is desired, one 
can resort to the expediency of adding an amount of ironrr sulphate in excess of that required for 
reducing vanadiumrv to vanadiumrrr. Gopala Rao and DikshituhP have already reported that 
vanadiumrv is quantitatively reduced by ironrr in a strung phosphoric acid medium. Thus, when 
an excess of ironI’ is added to vanadium Iv in a strong phosphoric acid medium, the mixture will 
contain unreacted ironrr, vanadiumlI1 and iron”‘. If this mixture is titrated with potassium dichro- 
mate solution, three inflections will be observed in the titration curve, the first corresponding to the 
oxidation of ironrr to ironrrr, the second corresponding to the oxidation of vanadiumIrr to vana- 
diumrv and the third corresponding to the oxidation of vanadium*v to vanadiumv. Because one is 
interested only in the determination of vanadiumrv, the exact amount of ironlr added does not 
matter, provided it is somewhat in excess of vanadium rv and the titration can also be carried out 
under ordinary atmospheric conditions. The advantage of this procedure for vanadiumrv is two- 
fold. Firstly, the inflection corresponding to the oxidation of vanadium”’ to vanadiumIv is about 
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FIG. 4.-Differential potentiometric 
titration of a mixture of iron” (34.85 
mg) and vanadiumrv (22.47mg) with 
0.033Mpotassium dichromate in a 12M 

phosphoric acid medium (Case I). 
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FIG. 5.-Differential potentiometric titration 
of a mixture of iron” (14.92 mg) and vana- 
diumrv (30.20 mg) with 0*033M potassium 
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200 mV/O.04 ml of 0.033M potassium dichromate solution; secondly, the last part of the titration 
(corresponding to the oxidation of vanadium iv to vanadiumv) gives a check on the determination 
of vanadium. A large number of assays of vanadiumiv according to the above alternative procedure 
indicates that the error for vanadiumiv is not greater than &0.3Q& 

Di$erential Potentiometric Titration of a Mixture of Vanadium’v and Manganese” 

When a mixture of vanadiumrv and manganeserr is titrated with potassium dichromate in a 12M 
phosphoric acid medium only one potential break is observed, vanadiumrv and manganese” re- 
acting simultaneously with the oxidant. However, this difficulty can be overcome by the expediency 
of adding an excess of iron” sulphate solution. When an amount of ironI greater than required to 
reduce vanadiumrv to vanadium rrt is added to a mixture of vanadium’” and manganese” in 12M 
phosphoric acid and the mixture titrated in air with potassium dichromate, three different breaks 
are obtained. The first inflection corresponds to the oxidation of unreacted ironrr to ironrrr, the 
second inflection corresponds to the oxidation of vanadium”’ to vanadiumrv and the third inflection 
corresponds to the simultaneous oxidation of vanadiumrv and manganese” to vanadiumv and 
manganese”‘, respectively. In titrations conducted with 0.033M potassium dichromate solution, 
the jump at the first inflection point is found to be about 120 mV/0.04 ml of the titrant, the jump at 
the second inflection point is found to be about 200 mV/O*O4 ml of the titrant and the jump at the 
third inflection point is found to be about 25 mV/O*O4 ml of the titrant. In view of the small break, 
the third inflection point is better obtained from the AE/AV us. V curve. The amount of dichromate 
added between the first and second inflections corresponds to the amount of vanadium”’ (or 
vanadiumrv). The amount of dichromate between the third and second inflections corresponds 
to vanadiumrv plus manganese II. Hence the amount of manganese” can also be calculated. Some 
typical results are given in Table IV. They show that vanadium’” and manganeseI can be determined 
with an error not exceeding +0*3% and +0.4%, respectively. 

TABLE IV.-DIFFERENTIALPOTENTIOMETRIC TITRA- 
TION OFVANADIUMIV AND MANGANESE" 

Vanadiumrv, mp Manganese”, mg 

Taken Found 
- 

15.20 
13.21 
22.75 
24.70 
31.32 
24.10 

15.18 
13.24 
22.81 
24.77 
31.26 
24.17 

Taken Found 

21.74 21.75 
19.97 20.04 
36.25 36.39 
26.14 26.14 
29.19 29.30 
17.69 17.69 

Differential Potentiometric Titration of a Mixture of Iron”, Manganese” and Vanadium’v 

When it is desired to assay a mixture for ironI’, vanadium’” and manganese”, it is desirable to 
carry out the potentiometric titration under the conditions described for the assay of a mixture of 
iron” and vanadiumrv, having the iron I1 in excess. If in the experimental mixture, the amount of 
iron” is actually less than that required for the reduction of vanadium’“, it is necessary to add a 
known amount of ironI to the mixture and allow for the same in the calculations. Table V gives 
some typical results, showing that iron”, vanadium’v and manganese’1 can be determined in the 
same solution with an error not exceeding *0.45%, *0.3% and +0.4%, respectively. 

TABLEV.-DIFFERENTIAL POTENTIOMETRIC TITRATION OF IRONII, 
VANADIUM'" AND MANGANESE'I. 

Ironit, Vanadiurniv Manganese”, 
mg m,,” mg 

Taken Found Taken Found Taken Found 

32.72 32.60 15.20 15.18 21.74 21.75 
48.23 48.07 13.21 13.24 19.97 20.04 
38.75 38.58 22.75 22.81 36.25 36.39 
50.20 49.98 24.70 24.77 26.14 26.14 
50.13 49.91 31.32 31.26 29.19 29.30 
63.53 63.31 24.10 24.17 17.69 17.69 
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Analytical Applications 

About 3 g of the alloy (dried at 110”) are decomposed in a platinum dish with a mixture of 60 ml 
of sulphuric icid (1: 3) and25 ml of nitric acid (1: ljand any &a is expelled by heating with hydro- 
fluoric acid to drvness. The residue is treated with a mixture of sulnhuric and nitric acids and evan- 
orated until cop&us fumes of sulphuric acid are evolved. After cabling, the solution is made up io 
250 ml in a volumetric flask. To 10 ml of this solution 50 ml of syrupy phosphoric acid (90%) are 
added and treated with a slight excess of ironrrsulphate, which reduces the vanadiumvtovanadiumrrr. 
The mixture is then titrated potentiometrically with 0.033&f potassium dichromate solution. The 
first break in potential may be neglected. The volume of titrant between the first and second breaks 
corresponds to that required for the oxidation of vanadium II1 to vanadiumIv and that between the 
second and third breaks to the oxidation of vanadium’v to vanadium’. 

Determination of vanadium in chrome-vanadium-tungsten steel 

About 2 g of the steel are taken in a 250-ml Pyrex beaker, treated with 15 ml of water, 10 ml of 
syrupy phosphoric acid (90%) and 6 ml of concentrated sulphuric acid, and gently heated to de- 
compose the steel completely; then 3 ml of concentrated nitric acid are added and the solution 
evaporated to fumes of sulphuric acid. The solution is cooled and made up to 100 ml in a volumetric 
flask. A 15ml portion of this solution is taken in a beaker, treated with enough phosphoric acid 
so that the over-all concentration is 12M, then with enough iron rr solution to reduce the vanadiumv 
to vanadiumlll. The mixture is finally titrated potentiometrically with 0.033Mpotassium dichromate. 
Results of some typical analyses are presented in Table VI. 

TABLE VI.-ANALYSIS OF VANADIUM IN ALLOYS 

Sample 
Vanadium found by 
present method, y0 

Vanadium found’ 
using ceriumIv, o/0 

Ferrovanadium 31.20, 31.09, 31.19, 31.12, 31.08 
31.18 
Av. 31.16 Av. 31.13 

Chrome-vanadium-\ 2.88, 2.89 2.89, 2.88 
tungsten steel I Av. 2.885 Av. 2.885 

Acknowledgement-One of us (P. K. R.) desires to thank the Council of Scientific and Industrial 
Research (India) for the award of a Junior Research Fellowship. 

Zusammenfassun8-Die Ergebnisse von Untersuchungen werden 
vorgelegt, die zur Entwicklung eines Verfahrens zur titrimetrischen 
Bestimmung von Vanadinrv mit Kaliumdichromat fiihrten, und zwar 
in starker Phosphorslure (>12M) bei Zimmertemperatur mit potentio- 
metrischer Endpunktsanzeige. C&‘, Eisenrrr, Cl&omlll, W&ramvl, 
Molvbdanvl. Uranv’. KobaltII und Nickel” storen nicht. Es wurden 
aucd Methoden entwickelt zur gleichzeitigen potentiometrischen Titra- 
tion von Eisen” und Vanadi@, Manganil und VanadiG’, sowie 
Eisen”, MangaG und Vanadin Iv in derselben LGsunp. Das neue 
Reagens hat diher verschiedene Vorteile vor KaliumperGanganat und 
Ceriv-Sulfat. Die Anwendung des neuen Reagens zur Analyse einer 
Ferrolegierung und eines legierten Stahls wird ebenfalls eriirtert. 

Resume-On presente les resultats d’etudes conduisant au developpe- 
ment d’une methode de dosage volumetrique du vanadium (IV) au 
moyen de bichromate de potassium en milieu acide phosphorique 
concentre (> 12M) a temperature ambiante, avec determination 
potentiomttrique du point de virage. Les drium (IV), fer (III), 
chrome (III), tungstene (VI), molybdene (VI), uranium (VI), cobalt (II) 
et nickel (II) n’interferent pas. On a Cgalement developpe des methodes 
de dosage potentiometrique differentiel pour fer (II) avec vanadium 
(IV), manganese (II) avec vanadium (IV), et fer (II) avec manganese (II) 
et vanadium (IV) dans la m@me solution. Le nouveau reactif possede 



712 G. GOPALA RAO and P. KANTA RAO 

ainsi plusieurs avantages sur le permanganate de potassium et le sulfate 
de ctrium (IV). On considere aussi I’application du nouveau rkactif B 
I’analyse d’un alliage de fer et d’un alliage d’acier. 
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PRELIMINARY COMMUNICATION 

SilveP in aqueous perchlorate solutions 

(Received 24 December 1963. Accepted 7 Januaty 1964) 

BECAUSE of its potential usefulness as a powerful homogeneous oxidising agent, silverrK is of 
considerable interest to analytical chemists. A few analytical applications of silver” as an oxidising 
agent have already been reported, 1--s but relatively little is known concerning the characteristics and 
behaviour of silver” as a solution species. Apart from a comprehensive review by McMillan* on 
the higher oxidation states of silver, a recent optical and kinetic study of silverI in aqueous solution, 
reported by Kirwin et u[.,~ is particularly noteworthy. 

The present inv~tigation was undertaken to examine the absorption spectra of silver” from the 
analytical standpoint and, if possible, to gain some information on the nature of silverI species in 
aqueous perchlorate media. 

EXPERIMENTAL 

Silver11 oxide of 985% minimum purity was obtained from Handy and Harman Company, 
New York, U.S.A.; perchloric acid, silver* perchlorate, and sodium perchlorate (all reagent-grade) 
from G. F. Smith Chemical Company, Columbus, Ohio, U.S.A. Spectra were recorded using a 
Beckman Model DB ultravioiet-visible sp~trophotometer equipped with matched quartz cells held 
at lo-00 & O-15”. Solid silver” oxide was dissolved in pre-cooled solvent and pipetted directly into 
the thermostatted spectrophotometer cell. Decomposition rates were determined from slopes of 
absorbance-time curves recorded at 475 rnp, and rate constants were calculated using standard 
kinetic techniques. 

RESULTS AND DISCUSSION 

Ultraviolet and visible spectra of silverr* in perchloric acid solutions revealed a previously un- 
known maximum at 265 mp, as well as the 47%rnp peak reported by Kirwin et ~1.~ The effect of 
perchloric acid ~n~ntration on the 265-rnp and 475-rnp peaks was investigated in the &11*5&f 
range, and showed a steady (roughly three-fold) increase in the ratio of absorbance at 265 rnp to that 
at 475 rnp over the range studied. No isosbestic point was found, however, suggesting that silver’* 
is appreciably complexed by perchlorate and that at least three different solution species of silver11 
are involved. 

Kinetic experiments for the decomposition of silver 
an empirical rate law second order in silver” 

I1 at constant acidity and ionic strength yielded 
and inverse first order in silver1 concentration, with an 

over-all activation energy of 11-6 Kcalimole. These findings are in complete agreement with the 
results of Kirwin et uZ.,~ who suggest a rat~etermining step of the type 

2 AgI’ St: Ag’ + Ag”r. 

If this disproportioning step is, in fact, rate-determining, the equilibrium must be strongly shifted 
to the left, and absorbance studies at zero time should show that silver” obeys Beer’s law. Plots 
of reciprocal absorbance versus time were, therefore, constructed from decomposition rate experiments 
carried out with no silverX initially present. The resulting straight lines were extrapolated to zero 
time, and the corresponding absorbance values were plotted against initial silver11 inanitions. 
These plots showed that silver” does obey Beer’s law, and indicate that the steady-state concentration 
of silverrr1 must indeed be small compared with the concentration of silverrr. 

Efforts are in progress to determine the stoichiometry and formation constants of the silver11 
perchlorate complexes observed, and to elucidate the role of higher oxidation states of silver in 
several reactions of analytical interest. 

Acknowfecfrment-The support of the Laboratory for Research on the Structure of Matter is gratefully 
acknowledged. 
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Summary-Spectrophotometric and kinetic studies show that silver” 
is complexed by perchlorate in aqueous solutions and that such 
stlverrr species obey Beer’s law when decomposition kinetics are 
taken into account. 

Zusammenfassung-Silber(l1) in wll3rigen Perchloratlosungen. Spek- 
tralphotometrische und kinetische Untersuchungen zeigen Komplex- 
bildung zwischen Silber(I1) und Perchlorat in wtirigen Losungen. 
Wenn man die Kinetik der Zersetzung in Rechnung stellt, gehorcht 
dieses komplex gebundene Silber(I1) dem Beerschen Gesetz. 

Resume-Des etudes spectrophotometriques et cinetiques montrent 
que l’argent (II) est complex6 par le perchlorate, en solution aqueuse, 
et que de tels composes de l’argent (II) obeissent a la loi de Beer 
lorsqu’on prend en consideration les cinetiques de decomposition. 
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SHORT COMMUNICATIONS 

Absorptiometric determination of indium with Thorin 

(Received 17 October 1963. Accepted 5 December 1963) 

IT has already been shown that microgram quantities of iridium interfere seriously in the absorptio- 
metric determination of bismuth with Thorin [2-(2-hydroxy-3,6-disulpho-l-naphthylazo)-benzene- 
arsenic acid] or its disodium salt in 0.02M perchloric acid. i Consequently, it was decided to examine 
the use of Thorin as an absorptiometric reagent for indium. 

Apparatus 
EXPERSMENTAL 

Spectrophotometer: Beckman Model B, with l-cm Pyrex cells. 
pH meter: Beckman Model 76, with Type E-2 glass electrode. 

Reagents 

Thorin: Supplied as its disodium salt by J. T. Baker Chemical Co., U.S.A. (Analysed Reagent). 
It was used without further purification as a @l% aqueous solution. 

Standard indium solution: Indium metal (“Spec-pure”, Johnson Matthey & Co., England) was 
dissolved in the smallest possible amount of analytical-reagent grade acid (perchloric, hydrochloric 
or sulphuric) and made up to the appropriate final volume with distilled water. All other solutions 
were prepared from analytical-reagent grade materials. 

Efect qf variables on colour development 

Preliminary tests showed that indium and Thorin form a red-orange compound in moderately 
acidic solution or a red precipitate when indium is in a great excess. The reagent blank solution is 
yellow under such conditions. The absorption spectra of the indium-Thorin complex obtained 
at different hydrogen ion concentrations, using the corresponding reagent blank as reference, indicated 
an absorption maximum at about 520-525 m,u with an inflection around 490 rn+ The wavelength 
of the absorption peak remains constant with pH but the sensitivity is markedly pH dependent. 
The value of the absorbance at the wavelength of the absorption peak remains practically constant 
between pH 3.0 and 5.0, but decreases considerably at higher or lower pH. No difference in absorp 
tion from the blank was observed at a pH lower than 1.5 or higher than 6.0. 

I 

The colour is formed rapidly and is stable up to 150 pclg of indium/25 ml. The absorbance de- 
creases about 0.5% after standing for 48 hr at room temperature (solutions exposed to daylight 
and/or fluorescent light). Indium concentrations higher than 150 ,ug/25 ml gave non-reproducible 
results with absorbance falling off with time. This behaviour is considerablv pronounced above 

” 200 pg of indiumf25 ml. 
, I 

The colour may be developed either in perchloric, sulphuric or hydrochloric acid. The absorption 
spectra obtained are similar. Nitric acid must be free from nitrogen oxides if used to provide the 
acid medium. The sensitivity in hydrochloric acid is somewhat lower than in perchloric acid or 
sulphuric acid. Sensitivity values expressed as proposed by Sandell* are 0.022 pg of indium/cma 
for log IO/I = 0.001 in perchloric acid or sulphuric acid (plus sodium hydroxide to obtain a pH of 
ea. 3.5). It was observed that the reproducibility is increased if Thorin is added in an acidic medium 
(pH ca.2), the solution made basic (pH > 9), then the pH adjusted to the desired value with dilute acid. 

The spectra of solutions with different ratios of reagent to metal were measured against reagent 
blanks and at varying pH. No isobestic point was observed. The absorption spectrum of the indium- 
Thorin complex at pH ca. 3.5 is shown in Fig. 1, Higher concentrations of Thorin than the recom- 
mended 1.4 x lo-*M do not increase the sensitivity appreciably; this concentration was chosen to 
limit the blank. 

The effect of Thorin concentration on the absorbance of the indium-Thorin complex at 520 mp 
showed that a concentration near 1.4 X 10%4 seems to be the most suitable for photometric 
measurements. 
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FIG. I.-Absorption spectrum of indium-Thorin complex (pH ca. 3.5, with pH adjust- 
ment according to Procedure; perchloric acid-sodium perchlorate medium; l-cm cell; 

0.07-O-12 mm slit width; reagent blank as reference) 
(A) 1.4 x 1O-4M Thorin and 0.24 x 1O-4M indium, 
(B) @35 x 1O-4M Thorin and 0.24 x 10-*&f indium. 
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FIG. 2.-Calibration curve for determination of indium with Thorin (1.4 >: lo-“M 
Thorin pH ca. 3.5; perchloric acid-sodium perchlorate medium; 520 rnp; 0.1 mm slit 

width; reagent blank as reference) 
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Under the experimental conditions reported here the absorbance is proportional to the indium 
concentration from approximately 15 to 150 rg of indium/25 ml (0.6 to 6 ppm). The average of 
10 determinations in pure solution run according to the directions given in the Procedure was 100.1 
(standard deviation 1.3) for 100 pg of indium/25 ml, and 15.5 (standard deviation 1.5) for 15 pg of 
indium/25 ml. _~~_~.~_~~, ~_ ~~_. 

A Ringbom plots of the data in Fig. 2 shows that the concentration range for the highest accuracy 
lies between 2-5 and 6 ppm. From least souare calculation. the molar absorntivitv (based on indium) 

- - is 6,100 at 520 rnp. 
I , . 

The great variation in absorbance with time and the poor reproducibility of results when the 
indium concentration is higher than 150 ,ug/25 ml do not allow the determination of the molar ratio 
indium : Thorin by known methods .*r5 
gives poor results. 

Consequently, the use of the reaction in photometric titrations 

The foreign species which interfere in the determination of bismuth with Thorin’ are expected 
to interfere in this determination of indium. It may be noted that gallium under similar conditions 
and at 520 rnp shows a sensitivity value of CO15 ,ug of gallium/cm* for log IO/I = 0.001. Lead 
interferes above 25 pg/25 ml. Bismuth does not interfere up to 0.25 mg/25 ml. As much as 10 mg 
of thallium1 failed to show interference. 

Procedure 

Transfer the acidic solution, containing 15-140 pg of indium, to a lOO-ml beaker. The volume 
of the solution must be less than 18 ml. Add 2 ml of 0.1% Thorin solution, then 10% sodium 
hydroxide solution dropwise until the colour changes to red. Adjust the pH to cu. 3.5 (pH meter) by 
adding drops of a dilute solution of acid. Transfer to a 2%ml volumetric flask, make up to volume 
with distilled water and measure the absorbance at 520-525 rnp against a reagent blank solution as 
reference. Prepare a standard curve from known amounts of indium following the same procedure. 

Acknowledgements-The author is indebted to the Concejo National de Investigaciones Cientificas y 
Tecnicas (Argentina) for grant No. 995. Thanks are extended to Maria Rosa de1 Rio for her assistance 
in carrying out some of the experiments. 
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Summary-2-(2-Hydroxy-3,6-disulpho-l-naphthylazo)-benzene-arsonic 
acid (Thorin) is proposed as a chromogenic agent for indium. Opti- 
mum conditions for the colour development have been established and 
a simple, sensitive and precise absorptiometric method for 15-140 pg 
of indium is described. 

Zusammenfassung-Das organ&he Reagens 2-(2-Hydroxy-3,6-disulfo- 
I-naphthylazo-) benzolarsonsaure (Thorin) ist ein niitzliches Far- 
breagens auf Indium. Die optimalen Bedingungen fur die Farbreaktion 
wurden ermittelt und eine einfache, empfindliche und genaue absorp- 
tiometrische Bestimmungsmethode fur 15 bis 140 /lg Indium wird 
beschrieben. 

Resume-Le reactif organique: acide 2-(2-hydroxy-3,6-disulfo-l- 
naphtylazo) benzenearsonique (Thorin) est un agent chromogene utile 
pour I’indium. On a Ctabli les conditions optimales de developpement 
de la couleur, et on d&it une methode absorptiomttrique simple, 
sensible et precise pour 15 a 140 pg d’indium. 
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Spot tests for chlorate, bromate and iodate in admixtore 

(Received 18 November 1963. Accepted 6 January 1964) 

THE three halates, chlorate, bromate and iodate, are well known primary standard reagents in analy- 
tical chemistry. Selective identification methods for them are usually based on the difference between 
the three oxidation potentials. Clear-cut differentiation is, however, difficult, and we propose new 
selective reactions utilising the potential difference of the three halates in oxidising three different 
organic compounds. The colour reactions described here are selective for each of the halates in the 
presence of the remaining two. 

Detection of Chlorate 

It has recently been found’ that diphenylamine in suitable media (ethyl acetate and trichloracetic 
acid) shows selective properties towards oxidising material. Thus, it is oxidised by elementary 
chlorine, but not by bromine or iodine, to the meriquinoidal diphenylbenzidine blue: 

It was expected that chlorine dioxide might behave in the same manner. Indeed, when concen- 
trated sulphuric acid acts on chlorate (solid or in solution), the evolved gas (chlorine dioxide) oxidises 
diphenylamine. Bromate and iodate were tested for the same reaction, but gave negative results. 
Because neither gives a dioxide by the action of concentrated acid and the bromine slightly liberated 
from the bromate does not oxidise diphenylamine, the reaction between chlorine dioxide liberated 
from the chlorate and diphenylamine is specific for the latter in the group of the halates. 

Horovka and HolzbecheP proposed a method also involving the liberation of chlorine dioxide 
for detecting chlorate. The reagent used by them, benzidine acetate, is, however, oxidised not only 
by the chlorine dioxide but also by the bromine liberated by the action of concentrated acid on the 
bromate, which prevents the detection of chlorate in the presence of bromate by this method. 

Procedure 

One drop of the test solution is mixed with 1 drop of concentrated sulphuric acid in a micro test 
tube and immersed in a boiling water bath. A disk of filter paper is moistened with freshly prepared 
diphenylamine reagent solution and placed over the tube. The appearance of a green fleck within a 
few min is indicative of the presence of chlorate. Even large quantities of the other halates and 
perhalates do not interfere. 

Diphenylamine reagent solution. To 10 ml of a saturated solution of diphenylamine in ethyl 
acetate, cu. 0.5 g of solid trichloracetic acid is added. 

Limit of identl$cation: 3 pg of chlorate. 

Detection of Bromate 

It is well known that the oxidation potential of bromate is higher than either that of chlorate or 
iodate. Bearing this fact in mind, a reagent was sought which would be oxidised by the compound with 
the higher potential, i.e., by bromate alone. 

It was found that aromatic amines, which contain an acidic group in thep-position, are oxidised 
selectively by bromate in nitric acid to a violet-blue compound which is subsequently transformed 
to a yellowish-brown colour. The oxidation probably proceeds via a hydrazo intermediate to the 
azo compound : 

X-(=-NH--NH-Q-X [ol_ x-(=+=N-0-x 
Chlorate and iodate in the same conditions give negative results. This reaction can be carried out 
by sulphanilic acid, arsanilic acid and p-amino-benzoic acid.* 

Procedure 

To 1 drop of the test solution, 2 drops of 6M nitric acid are added and mixed in a micro test tube 
with 1 drop of a saturated aqueous solution of sulphanilic acid. The appearance of a violet colour 
within a few min is a positive response for the presence of bromate. 
to brown. None of the other halates and perhalates interferes. 

This violet colour slowly changes 

Limit of identz@ation: 0.5 ,ug of bromate. 
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Detection of todate 

A mixture of quinonechlorimide and p-aminophenol gives a blue-violet indamine dye: 

o= =NCI + OH- NH, --+ O=~=N-~-NH2 + HOC, 

The hypochlorite liberated by this condensation can easily be detected as chlorine in the gas phase. 
p-Aminophenol can be oxidised to quinonimine which subsequently condenses with any remaining 

unchanged p-aminophenol. Thus, mild oxidants will give the coloured indamine dye similar to I 
withp-aminophenol, while strong oxidants convert it wholly to the colourless quinone via the quinoni- 
mine intermediate. This is the reason for the absence of a colour reaction in the case of bromate 
and chlorate, while the weaker oxidising agent iodate* yields the indamine dye on the partial oxidation 
of p-aminophenol. Minute quantities of periodate interfere, because they give the same reaction. 

Procedure 

To 1 drop of the test solution 1 drop of p-aminophenol reagent is added in a micro test tube. A 
violet colour appearing within a few min is a positive response for iodate. The other halates do not 
interfere, but periodate must be absent. 

p-Aminophenol reagent solution. A S?&, p-aminophenol chloride aqueous solution is used, and it 
should be nearly colourless. 

Limit ofidentification: C-5 ice of iodate. ERVIN JUNGREIS 
LINA BEN-D• R 

Department of Inorganic and Lna’ytical Chemistry 
Hebrew University, Jerusalem, Israel 

Summary-Detection by selective spot tests for each of the halates, 
chlorate, bromate and iodate, is detailed. 

R&nn&--Des reactions a gouttes sont dontrees pour la detection de 
chacun des halates (chlorate, bromate et iodate). 

Zusammenfassnng-Selektive Ttipfelreaktionen fiir die Nachweise von 
den verschiedenen Halate(Chlorat, Bromat und Jodat)sind beschrieben. 
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ION EXCHANGE IN NON-AQUEOUS SOLVENTS 

ADSORPTION BEHAVIOUR OF URANIUM AND OTHER ELEMENTS 
ON STRONG-BASE ANION-EXCHANGE RESIN FROM ORGANIC 

ACID-ORGANIC SOLVENT MEDIA 

METHODS FOR THE SEPARATION OF URANIUM 

J. KORKISCH and S. URUBAY* 
Analytical Institute of the University of Vienna, IX, Wihringerstrasse 38, Austria 

(Received 19 June 1963. Accepted 1 December 1963) 

Snmnuuy-In the present paper the anion-exchange behaviour of 
hexavalent uranium and of a number of other elements in organic 
solvents containing organic acids is described. The solvents employed 
include aliphatic alcohols, acetone and dioxan. As organic acids the 
monocarboxylic acids, i.e., formic, acetic and propionic acid, and 
also chloro-derivatives of acetic acid, have been investigated. Through 
the determination of the distribution coethcients and separation 
factors in the various media, separation methods for uranium from 
other elements have been developed. 

INTRODUCTION 

INVESTIGATIONS of the isolation of uranium, and its separation from other elements 
by employing anion-exchange resins in combination with monocarboxylic acids acting 
as complexing agents for uranium, have been carried out in the past.r-e For this 
purpose, buffered aqueous solutions of acetic acid1-6 were successfully employed. 
Similar experiments performed in buffered solutions of monochloro- and trichloro 
acetic acid did not, however, give promising results .l But ascorbic acid proved to be 
a valuable complexing agent for uranium and a series of other elements.6v 

In continuation of work on the ion-exchange behaviour of uranium and thorium 
in mixed and non-aqueous solvents, l&l3 the use of some organic acids in combi- 
nation with various organic solvents, has now been investigated for the separation 
of uranium from other elements. Previous results using mineral acid-organic solvent 
mixtures showed that a great increase of adsorption could be observed by employing 
organic solvents in place of water. The next logical step was to investigate the ad- 
sorption behaviour of uranium and other elements in the presence of both organic 
acid and solvent. In the conditions selected, similar results were obtained to those 
when using mineral acids, e.g., hydrochloric, nitric or suIphuric acids. 

The experimental conditions selected and the results obtained in organic acid- 
organic solvent mixtures, using the strongly basic anion-exchanger Dowex 1, are here 
reported. 

EXPEnIMENTAL 
Reagents 

fm-exchange resin: That used was the strongly basic anion-exchanger Dowex 1, x8 (100-200 
mesh, chloride form). For the equilibrium and separation experiments in organic acid-organic 

* Permanent address: Institute for General Chemistry, Ankara, Turkey. 
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solvent solutions, the resin was transformed into the corresponding organic acid forms, i.e., the 
formate. acetate, monochloroacetate, dichloroacetate, trichloroacetate (this form of the resin slowly 
decomposed into the carbonate form and chloroform; see also page 740) and propionate forms. 
This was done by treating the chloride form of the resin with an aqueous solution of the acid in 
question, in the presence of an excess of its ammonium salt. This treatment, which should preferably 
be carried out on an ion-exchange column, was continued until no more chloride ions could be 
detected in the effluent. Thereafter, the resin was thoroughly washed with distilled water in order 
to remove the excess of the organic acid and its salt. (For the column separations the resin was then 
treated with the corresponding solution used for pretreatment; see also Column operations). Then the 
resin was washed with methanol and dried in air. 

Standard solutions of uranium and other elements: Hydrochloric- or nitric acid solutions of the 
chlorides or nitrates, of exactly known element content, were employed. For each individual ex- 
periment an aliquot portion corresponding to the desired amount of the element to be tested was 
evaporated to dryness on a water-bath, and the residue was dissolved in the organic acid. 

Organic aciak: The following reagent-grade acids were employed: formic acid, acetic acid, 
monochloroacetic acid, dichloroacetic acid, trichloroacetic acid and propionic acid. 

Organic sofuents: The following reagent-grade solvents were employed: methanol, ethanol, 
n-propanol, isopropanol, n-butanol, isobutanol, acetone and dioxan. 

Apparatus 

Ion-exchange columns: The column operations were carried out in columns of the same type 
and dimensions as described earlier.& 

Spectrophotometer: For the spectrophotometric determination of all elements investigated with 
the exception of uranium, which was determined fluorometrically, the Beckman Model B spectro- 
photometer was employed. 

Fluorimeter: The photoelectric fluorimeter employed was a Galvanek Morrison Fluorimeter, 
Mark V. 

Determination of uranium: The quantitative determination of uranium in the eluates or filtrates 
(after removal of the resin by filtration) was usually performed fluorimetrically by means of a pro- 
cedure described by Schonfeld, El Garhy, Friedmann and Veselsky.*4 Polarographid or spectro- 
ohotometric methods. as described previou~ly.~~~~~ were also employed. 
r Determination of bther element;: The most suitable and a&rate photometric procedures de- 
scribed by SandelI” and Snell and SnellrB were used. For the determination of lanthanum and 
gadolinium, representing the rare earths, a spectrophotometric method employing the azo dye 
Solochromate Fast Red was used.” 

Determination of distribution coeficients 

The distribution coefficients given by the equation 

Distribution coefficient = & = 
rg element/g of resin 

rg element/ml of solution 

were determined employing the batch equilibrium method (batch method).lO-r*@-*~ Each &-value 
for uranium, shown in Figs. 2, 5, 6, 8, 9 and 11, was obtained by equilibrating 1 g of the resin with 
10 ml of solvent + O-4 ml of acid (or O-4 g of acid if solid) containing 10 mg of uranium. In the 
case of the results recorded in Figs. 1, 4, 7 and 10, varying ratios of solvent to liquid acid, with a 
constant volume of 10 ml of mixture, were used. The distribution coefficients for the other elements 
(see results shown in Tables I-VI) were obtained by employing mixtures consisting of 9 ml of solvent 
(10 ml in the case of the pure acids) -A 1 ml of acid (if solid 1 g of acid) + 5 mg of the element + 1 g 
of resin. The relative experimental error in the determination of the Ka-VahS was usually 3~10% 
for low and 3~20% for high Kd-values. Not much reliance can, however, be placed on the Kd-values 
measured at zero concentration of acid, because in those media hydrolysis or insolubility of the 
uranium salt is to be expected. 

From the distribution coefficients thus obtained, the separation factors shown in Tables I-VI 
were calculated using the simple relationship : 

element 
Separation factor = Kd uranium. 

Because uranium is the key element in these investigations, all values for the separation factors 
have therefore been expressed relative to uranium. 
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Column operations 
The chmn operations for the individual separation methods were performed in a standard 

manner, The resin (2 g of the corresponding form) was transferred to the ion-exchange column, and 
the resin bed was pretreated with a solution of the same composition as that employed as a sorption 
solution. After passage of the sorption solution the resin was usually treated with a “wash solution,” 
also of the same composition, Thereafter the adsorbed elements (mostly uranium) were eluted by 
means of 1M hydrochloric acid. 

RESULTS AND DISCUSSION 

(1) Aabrption of uranium from organic solvents containing formic kid 

In this section, and in sections (21, (4) and (6), the effect of the concentration of 
the organic acid on the KG of uranium will be displayed twice in the case of each of 
the liquid acids, in order to show the influence of very low acid concentrations more 
clearly, and to demonstrate the effect of many organic solvents. 

Fig. 1 shows that the adsorption of uranium is decreasing by orders of magnitude 

Forms aad. %(vlvf 

0 IO 20 M 

I I 
50 SO 70 80 SO 100 

_ 

FIG. 1 .-Influence of formic acid concentration: 
I-Water III-Acetone 

II-Methanol IV-Dioxan 

when the concentration of formic acid is increased from 0% to 100%. In pure formic 
acid, as well as in all mixtures of this acid with water, the adsorption is too low to 
be of any practical analytical importance. 

In the range of concentration from 10% to 80% formic acid and from 90% to 
20% organic solvent, the distribution coefficients of uranium have convenient values. 
In this region uranium is strongly adsorbed; i.e., it is forming a relatively stable 
negatively charged formate complex. 
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In Fig. 2 the effect of the formic acid concentration on the distribution coefIicients 
of uranium in aliphatic alcohols, acetone and dioxan is shown. 

As can be seen from the curves shown in Fig. 2, the Kd of uranium has in all 
formic acid:organic solvent mixtures high values, which decrease, in the case of the 
aliphatic alcohols and acetone, regularly with an increase in the formic acid concen- 
tration. In dioxan-formic acid solution the Kd reaches a minimum and a maximum; 

k? 

f 

6 

5 ! q 
4- 

3- 

2- 

,t 

- 

m 

I 
II 

E! 

_ 

_ 

Ix 

I 

- 

B . \ 
l \ 

\ 

Solvent. IOml+ formu ocld. p 

FIG. 2.4nfluence of formic acid concentration: 

I-Water II-Methanol 
III-Ethanol IV-n-Propanol 
V-Isopropanol VI-n-Butanol 

VII-Isobutanol VIII-Acetone 
IX-Dioxan 

and finally a relatively low value is obtained at zero formic acid concentration, 
suggesting hydrolysis of the uranyl ions in this medium. In the presence of 1 ml of 
formic acid the distribution coefficients of uranium show, in all media, log &-VaheS 

ranging from 4.25 to 5.0, which means that in all these cases identical or very similar 
conditions of adsorption seem to exist. For this reason, all further experiments (for 

instance those relating to the effect of the uranium concentration or of the salt 
concentration on the distribution coefficient of uranium, and the determination of the 
distribution coefficients of other elements) were always performed in mixtures in 
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which the ratio of formic acid to organic solvent was 1:9 (u~uiiy 1 ml of formic 
acid + 9 ml of solvent). 

InveSigations of the ir&uenCe of cXn’&entratiOII of uranium on its Kd have shown 
that the Kd of uranium regularly decreases with increasing uranium ~n~nt~~ion in 
the solutions containing formic acid and in all the solvents shown in Fig. 2. At a 

uranium concentration of 200 mg/lO mi of mixture, a log Kd value of 143-2.3 is 
reached: this does not decrease appreciably when higher uranium concentrations are 

solvent.tOmL tocld. ImCtsolt, _g. 

FIG. 3.4nfluence of salt concentration on the adsorption of uranium: 
I-Water-font& acid-ammonium fortnate 

II-Methanol-fo~c a~id~~niurn formate 
III-Water-acetic acid-~oni~rn acetate 
IV-Methanol-acetic acid-ammonium acetate 

employed. In the concentration range O-100 mg of uranium/l0 ml of mixture, the Kd 
of uranium remains constant, i.e., the coefficient is independent of the uranium concen- 
tration in the solution. This means that a quantitative enrichment of mg- amounts 
of uranium from such mixtures is feasible, and is suitable for analytical purposes. 

In Fig. 3 the influence of ammonium formate and ammonium acetate on the 
distribution coefficients of uranium is shown. Because the influence of the salt concen- 
tration on the Ka of uranium was investigated only in formic and acetic acid solutions, 
the results obtained in acetic acid medium have also been recorded in this diagram. 

From Fig. 3 it is seen that the Kd of uranium in aqueous formic acid-formate 
solution first increases with increasing concentration of ammonium formate, but 
decreases at higher formate concentration. In methanol solution the decrease of 
adsorption with an increase of the formate concentration is regular, without formation 
of a maximum. In acetic acid-acetate-methanol solution the Kd of uranium in aii 
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cases decreases rapidly with increasing ammonium acetate content of the solutions. 
This means that for the analytical separation of mg-amounts of uranium, only acetic 
or formic acid solutions which contain very small amounts of acetate or formate 
salts can be employed. Previous experiments” showed that the breakthrough capacity 
for uranium in aqueous acetic acid solution buffered with acetate was only around 
50 /_+l of uranium under the conditions employed. The results shown in Fig. 3 serve 
as examples of the effect of salts containing the same anion as that which complexes 
the uranium. This salt effect was not further investigated in other organic acid-organic 
solvent mixtures because it is assumed that in all cases a decrease will occur with 
increasing salt concentration. A similar effect has earlier9 been observed in hydro- 
chloric acid-ethanol solution where an increase of the sodium or ammonium chloride 
concentration is followed by a decrease of the KC1 of uranium. In nitric acid-organic 
solvent mixtures, however, no change of the Ka of uranium by the addition of alkali 
or ammonium nitrate could be found. In pure aqueous nitric acid solutions, on the 
other hand, the Ka of uranium and the distribution coefficients of other elements 
frequently increase with increasing nitrate ion concentration. 

Investigations on the adsorption behaviour of other elements in formic acid- 
organic solvent mixtures furnished the results recorded in Table I, in which the 
distribution coefficients of these elements, and the separation factors (in brackets), 
are shown. In this and in Tables II-VI water has been included amongst the solvents 
for the purpose of comparison. 

The results in Table 1 show that the distribution coefficient and the separation 
factor of uranium usually differ by orders of magnitude from those of the other 
elements, so that the following three separation methods, which were developed in 
formic acid solutions. always gave quantitative results irrespective of whether pug- or 
mg-amounts of the elements uranium, copper, lead and gadolinium were employed 
for the separation experiments. 

(a) Separation of rwa~7irin7 fio7r7 copper 

Ten ml of fornuc acid containing uranium and copper were diluted with 90 ml of methanol, and 
the solution was passed through the ion-exchange column (the resin having been pretreated ap- 
propriately: see EsperimentaI) at a flow rate of 0.5 ml/min. During this sorption operation uranium 
Kd = 2 ix IO”) was strongly adsorbed, whereas copper (Kd := 11.7) passed into the effluent. There- 
after the resin was washed with 100 ml of a wash solution (see Erperimenral) in order to remove the 
last traces of copper from the column. Afterwards the uranium was eluted by means of 100 ml of 
1M hydrochlortc acid, and was determined quantitatively as described earlier (see E.rperimenra/). 

(b) Separation of rrranium from lead 

The same expertmental conditions were used here as described above under (a). 

(c) Separation of uranium /born cyadolinium 

Ten ml of formic acid containing uranium and gadolinium were mixed with 90 ml of isobutanol, 
and the solution was passed through an appropriately pretreated (see Experimental) resin bed at a 
flow rate of 0.5 ml/min. During this operation uranium (Kd = 57 x 103) and gadohnium (Kd = 
2 s lO3) were adsorbed simultaneously. Afterwards, a mixture consisting of 90 ml of methanol and 
10 ml of acetic acid was percolated through the column; the gndolinium (Kd = 47.0) was eluted, 
whereas uranium (Kd = 64 x 103) was still strongly retained by the resin (compare with the results 
shown in Table II). The elution and quantitative determination of uranium in the eluate was per- 
formed as has been described above under (a). 

From the results shown in Table I it can be seen that a great number of other 
separation possibilities exist, e.R., separation of uranium from copper, nickel or lead 
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in formic acid-ethanol solution; separation of uranium from copper in formic acid- 
dioxan mixture; simultaneous adsorption of uranium and gadolinitun from all formic 
acid-solvent mixtures except aqueous and methanol mixtures; separation of cobalt 
from uranium, nickel, lead, lanthanum and gadolinium in aqueous formic acid 
solution, efc. 

Many of these separations can, of course, also be performed successfully by other 
anion-exchange methods, e.g., in pure aqueous hydrochloric acid solutions of various 
molarities. However, the separation of various elements can be effected by changing 
the solvent only, without any change in the other experimental conditions. The 
results in Table I show that the simultaneous adsorption of uranium and 
cobalt from a formic acid-n-propanol mixture is possible. For the separation of the 
two coadsorbed elements the resin needs only to be washed with a formic acid- 
ethanol solution in order to remove the cobalt from the resin, thus effecting the 
separation of these two elements from one another. A simultaneous adsorption of 
uranium and cobalt from a pure aqueous hydrochloric acid solution (around IOM 
in HCI) is also possible. To separate the adsorbed elements the resin is washed with 
6M hydrochloric acid, whereby cobalt is eluted whereas uranium is still retained by 
the resin. Comparison of these two separation possibilities shows that the exchange 
of solvent in the first method has the same effect as the change of the concentration 
of the complexing agent (hydrochloric acid) in the second case. This is one of the 
fundamental differences between ion exchange in pure aqueous solutions and in 
organic acid mixtures. 

Determinations of distribution coefficients of a number of other elements in pure 
formic acid showed that these elements, in common with uranium, were only little or 
not at all adsorbed by the resin. 

(2) Adsorption of uranium from organic solvents containing acetic acid 

In Fig. 4 the influence of acetic acid concentration on the distribution coefficients 
of uranium in acetic acid-water, -methanol -acetone and -dioxan solutions is shown. 

By comparing Fig. 4 with Fig. 1 it can be seen that the adsorption of uranium in 
acetic acid mixtures is high in the whole concentration range; and even in pure acetic 
acid the coefficient of uranium is high enough to guarantee the quantitative retention 
of even mg-amounts of this element by the resin. This also means that uranium 
forms a negatively charged acetate complex of high stability. 

In Fig. 5 the effect of acetic acid concentration on the distribution coefficient of 
uranium in the acid concentration range O-4 ml of acid + 10 ml of solvent is shown. 

Fig. 5 shows that the distribution coefficients of uranium, in all solvents except 
water and n-propanol, have log Kd-values between 4.4 and 5.2 in the range O-5-4 ml 
of acetic acid. Because here also, as in the case of formic acid mixtures (see Fig. 2), 
the difference of the log Kd values is smallest in the presence of O-5-2.0 mlof aceticacid, 
all further experiments were performed in mixtures each of which contained 1 ml of 
acetic acid and 9 ml of the solvent, or a ratio of acetic acid to solvent of 1: 9. AS can 
further be seen from Fig. 5, uranium is adsorbed very strongly by the resin from all 
acetic acid-solvent mixtures, which means that all of these media are suitable for 
analytical purposes (see Table II). The adsorption from aqueous acetic acid is, how- 
ever, lower by two orders of magnitude, although still high enough to effect the 
quantitative retention of even mg-amounts of uranium by the resin. In dioxan-acetic 
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acid solution of low acidity the uranyl ions also hydrolyse, as was the case in the 
formic acid solutions of the same acidity (I$ Fig. 2) so that the Kd of uranium reaches 
a- very low value. Up to a ~ncentration of 50 mg of uranium~l0 ml of solvent (in 
all solvents) no change of the Kd could be observed. At higher uranium concentrations 
the Ka decreases rapidly with increasing concentration, and then reaches in some 
solvents (e.g., water and the aliphatic alcohols) a value at 150 mg of uranium/l0 ml 

Acettc ocld. %(v/v 1 

6 

S- 

s4- 

: 
’ 1 

3- 

2- 

1 

I, I I I 1 I / I I I 
loo 90 80 70 60 30 40 30 20 

Solvent, % ( ” f ” 1 
+-- 

FIG. k-Influence of acetic acid concentration : 
I-Water II-Methanol 

RI-Acetone IV-Dioxan 

of solvent, which does not decrease appreciably with a further increase of the uranium 
concentration in the solutions. 

In Table II the distribution coefficients and separation factors (in brackets) of 
several elements in acetic acid-organic solvent mixtures are shown. Each mixture 
consisted of 1 ml of acetic acid and 9 ml of solvent. Pure acetic acid has also been 
incorporated into Table II, which means that those results were obtained in solutions 
which consisted of 10 ml of acetic acid only. Besides the elements recorded in Table 
II, the adsorption behaviour of a series of other elements in pure acetic acid was 
investigated. Practically only uranium is adsorbed, whereas other elements, as for 
instance Fe*II, the rare earths, alkaline earth metals, MG, Znrr, Cdrr, Mg, Be, In, 
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etc., are not retained by the resin; therefore the analytical separation of these ele- 
ments from uranium should readily be achieved. In this medium the elements Al, Th 
and Bi hydrolyse; Pb, Sr and Ba are practically insoluble. 

Based on the results shown in Table II a further series of ion-exchange separations 

C 

t 1 

0 f 2 3 4 

Solvent, IOmC tocetlc octd. ml. 

FIG. 5,-Influence of acetic acid concentration: 
I-Water II-Methanol 

III--Ethanol IV-n-Propanol 
V-Isopropanol VI-n-Butanot 

V&-Isobutanol VIII-Acetone 
IX-Dioxan 

can be carried out. All these methods have in common that uranium is always 
strongly adsorbed, but the other elements are not adsorbed on the resin. As examples 
the following separation methods can be mentioned: separation of uranium from 
copper, nickel, cobalt, lanthanum and gadolinium in aqueous acetic acid solution; 
separation of uranium from copper, cobalt, lanthanum and gadolinium in acetic 
acid-methanol mixture; separation of uranium from copper, nickel and cobalt in 
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acetic acid-isobutanol mixture; separation of uranium from copper, nickel, cobalt, 
lanthanum and gadolinium in pure acetic acid. 

Because in some solvents uranium and other elements are strongly adsorbed by the 
resin, the simultaneous adsorption of two or more elements becomes possible. By a 
change in the solvent the separation of the coadsorbed elements on the resin column 
can be effected. Examples for such solvent exchange separations are: simultaneous 
adsorption of uranium and cobalt from acetic acid-acetone solution followed by 
elution of cobalt by means of acetic acid-ethanol mixture (see below); simultaneous 
adsorption of uranium and gadolinium from acetic acid-isopropanol mixture and 
elution of gadolinium with acetic acid-methanol mixture; simultaneous adsorption 
of uranium, lanthanum and gadolinium from acetic acid-dioxan solution and elution 
of the rare earths by means of pure acetic acid, etc. 

Closer investigation of the first example enabled the following separation method 
to be developed. 

Separation of uranium from cobalt 

Ten ml of acetic acid, which contained uranium and cobalt, were diluted with 90 ml of acetone, 
and the solution was passed through an appropriately pretreated resin column at a flow rate of 
0.5 ml/mm. During this process uranium (Kd = 7 x 10’) and cobalt (Kd = 7 x lOa) were adsorbed 
simultaneously. The separation of cobalt from uranium was effected by washing the resin with 100 ml 
of a solution consisting of 90% ethanol and 10% acetic acid. The cobalt (Ke = 0.48) was eluted, 
but uranium (& = 11.3 x 103 still remained adsorbed. For the removal of uranium the resin 
was treated with 100 ml of 1M hydrochloric acid. 

A series of separation experiments performed in this manner showed that pg- and 
mg-amounts of uranium and cobalt can quantitatively be adsorbed and separated by 
the method described. 

(3) Adsorption of uranium from organic solvents containing monochloroacetic acid 

Because monochloroacetic acid at room temperature is a solid acid, the effect of its 
concentration on the distribution coefficient of uranium could not be determined 
over the complete concentration range O-100% acid; this can be investigated only 
for the liquid acids (see Figs. 1, 4, 7 and 10). 

In Fig. 6 the influence of the concentration of monochloroacetic acid on the Kd 
of uranium is shown. 

From Fig. 6 it is seen that the difference between the Kd-values of uranium under 
similar experimental conditions is smallest in the presence of 1 g of acid. The differ- 
ence in this case is 0.84 log Ka units. Except with isopropanol, isobutanol and 
dioxan, the log Kd of uranium increases linearly with decreasing concentration of 
monochloroacetic acid. In dioxan solution the KU shows first a small regulars and 
later a steeper, decline. This sharp decrease of the Kd of uranium at low monochloro- 
acetic acid concentration is very probably caused by hydrolysis of the uranyl ions. 
As in formic acid-water mixtures (cf. Fig. 2) the adsorption from aqueous mono- 
chloroacetic acid solutions is also relatively low, so that only at low concentrations 
of monochloroacetic acid were somewhat higher values obtained. 

The Ka for uranium in the solvents, except methanol and ethanol, starts to decrease 
steeply in the region of lo-25 mg of uranium/l0 ml of mixture, in spite of the fact 
that the distribution coefficients of uranium in these media are fairly high. In meth- 
anol and ethanol solutions the Kd of uranium remains constant up to a-concentration 
of uranium of 60 mg/lO ml of solution the 
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pronounced than in methanol medium. For the analytical separation of mg-amounts 
of uranium these two solvent systems are therefore the most suitable. 

In Table III the distribution coefficients and separation factors (in brackets) of all 
the elements recorded in the previous two Tables are shown. These results were 
obtained by using solutions consisting of 10 ml of solvent + 1 g of monochloroacetic 
acid. 

- 
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Sohrent. IOmC+ monochloroocet~cac~d, B 

FIG. 6,Inffuence of monochloroacetic acid concentration: 

I-Water II-Methanol 
III-Ethanol IV-n-Propanol 

V-Isopropanol VI-n-Butanol 
VII-Isobutanol VIII-Acetone 

IX-Dioxan 

Based on the results recorded in Table III the following method for the separation 
of uranium from nickel was developed. 

Separation of uranium from nickel 
The chlorides or nitrates of uranium and nickel were dissolved in 100 ml of ethanol containing 

10 g of monochloroacetic acid, and the solution was passed through a pretreated (see Experimental) 
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resin bed at a flow rate of 0.5 ml/min. During this operation uranium (Ka = 37 x l(r) was ad- 
sorbed whereas nickel (Ka = 0.4) passed into the eWuent. Afterwards, 100 ml of a washing solution 
(of appropriate composition) was percolated through the column in order to remove the last traces 
of riickel. Finally, the uranium was eluted by means of 100 ml of 1M hydrochloric acid. 

The results of several experiments performed in this manner have shown that this 
method is suitable for the quantitative separation of ,ug- and mg-amounts of uranium 
and nickel. 

Other simple separation procedures are : separation of uranium from cobalt in 
monochloroacetic acid-methanol solution; separation of uranium from lanthanum 
in the same medium; separation of cobalt from nickel in monochloroacetic acid-n- 
propanol solution; separation of copper from nickel in the same medium; separation 
of lathanum from gadolinium in monochloroacetic acid-isobutanol solution. 

It is also possible to adsorb two or more elements simultaneously, and to separate 
these subsequently on the resin by a change in the solvent. As an example, the 
simultaneous adsorption of copper and cobalt from monochloroacetic acid-n-propa- 
no1 solution may be mentioned. After the adsorption of these two elements their 
separation can be effected by means of monochloroacetic acid-isobutanol solution, 
whereby the cobalt is eluted and the copper remains adsorbed. 

(4) Adsorption of uranium from organic solvents containing dichloroacetic acid 

In Fig. 7 the influence of the concentration of dichloroacetic acid on the distri- 
bution coefficient of uranium is shown. 

The Ke of uranium in the non-aqueous solvents first increases with increasing 
concentration of the acid, and then reaches a maximum, subsequently decreasing to 
its value in pure dichloroacetic acid. In pure aqueous acid mixtures (curve I) a 
minimum is obtained, from which a strictly linear increase of the Kd in both directions 
(i.e., to 0 and 100% dichloroacetic acid) takes place. 

The dependence of the distribution coefficient of uranium on the concentration of 
dichloroacetic acid in all solvents previously used (see Figs. 2, 5 and 6) is shown in 
Fig. 8. 

In water, methanol and ethanol only, the curves show a similarity with those shown 
in Figs. 2 and 5. In all other solvents containing dichloroacetic acid the Ke of 
uranium increases with increasing dichloroacetic acid content of the solutions after 
passing through a minimum. This is a phenomenon which was not observed in other 
solvents containing organic acids (cf. Figs. 2, 5 and 6) and is only weakly recognisable 
in trichloroacetic acid solutions (see Fig. 9). The extremely steep increase of the Kd 
in n-propanol solutions low in dichloroacetic acid could be explained by the assump- 
tion that in such media a decarboxylation of dichloroacetic acid, CHCl&OOH, into 
carbon dioxide and methylene dichloride (CH,Cl& takes place under the catalytic 
action of the resin. It cannot, however, be explained why this reaction should occur 
only in n-propanol solution and not in the other solvents. In trichloroacetic acid 
solution, however, a similar reaction can actually take place [see Section (5)]. 

Under the experimental conditions employed (1 ml of dichloroacetic acid + 9 ml 
of solvent + uranium), the Ka of uranium is independent of the concentration, in the 
region from 0 to about 30 mg of uranium/IO of mixture if methanol, ethanol or acetone 
is used as solvent. In the other solvents the Kd of uranium starts to decrease rapidly 
when the uranium concentration in the solution exceeds 10 mg/lO ml. For the 
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adsorption of mg-amounts of uranium, therefore, only the three solvents in which 
uranium has its highest Kd values can be employed successfuliy. 

Although media containing dichloroacetic acid were not used for separation 
purposes, the adsorption behaviour of other elements in such mixtures was investi- 
gated. The results of these experiments, performed in mixtures each containing 1 ml 
of dichloroacetic acid and 9 ml of solvent, are recorded in Table IV in which the 

Dlchloroocetlc acid, % (VI V) 
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FIG. 7.-Influence of dichloroacetic acid coocentration: 

I-Water II-Methanol 
III-Acetone IV-Dioxan 

distribution coefficients of several elements, together with the separation factors (in 
brackets) expressed relative to uranium, are recorded. 

These results show that it would be easily possible to separate uranium in dichloro- 
acetic acid-methanol solution from all elements investigated except lead. On the 
other hand, lead could be separated from uranium by elution of uranium with 
aqueous dichloroacetic acid solution, when lead is still retained by the resin. 

Other combinations will not be discussed here, because they can easily be deduced 
from the results presented in Table IV. 

(5) Adsorption of uranium from organic solvents containing trichloroacetic acid 

In Fig. 9 the adsorption behaviour of uranium in solutions containing O-4 g of 
trichloroacetic acid/l0 ml of solvent is shown. 
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FIG. 9.-Influence of trichloroacetic acid concentration. 

I-Water II-Methanol 
III-Ethanol IV-n-Propanol 

V-Isopropanol VI-n-Butanol 
VII-Isobutanol VIII-Acetone 

IX-Dioxan 
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Uranium is only appreciably adsorbed by the resin from solutions consisting of 
trichloroacetic acid and acetone, i.e., only from such solutions is the quantitative 
adsorption of uranium on the resin possible. In the presence of less than 0.25 g of 
trichloroacetic acid/IO ml of acetone, however, the Kd of uranium decreases rapidly 
because of the hydrolysis of uranyl ion. The steep increase in the Kd value of 
uranium in water and methanol solutions in the presence of O-0.1 g of trichloroacetic 
acid/l0 ml of solvent can be explained by the occurrence of the following reaction 
preventing the adsorption of the uranium as a negatively charged trichloroacetate 
complex (which has high stability only in acetone solutions) but as a uranyl carbonate 
complex : 

Rs.OOC.CCI, H,O \ Rs.HCO, a + CHCI, 
\ ; 

‘x4 RsOH ! + CCI,COOH 

(Rs = resin phase ; ----+ possible side reaction) 

As was stated earlier (see Experimental), the above reaction already occurs in the 
dry resin (trichloroacetate form) because of the humidity of the air. In aqueous 

solution, therefore, this reaction will be speeded up, and will not only be restricted 
to the counter ion (trichloroacetate ion on the resin) but will also extend to the acid 
molecules in solution, which will thus be decomposed either directly in the solution, 
or on the resin, forming carbon dioxide and chloroform, as long as free molecules of 
this acid are present in solution. After the free acid has been completely decomposed 
only chloroform will be formed until all counter ions of the resin are transformed 
into bicarbonate ions. The reason why this reaction also takes place in methanol 
solution, to an even greater extent, is probably because the chloroform formed during 
this reaction is much more readily soluble in methanol than in water, so that the 
chloroform cannot block the exchange sites of the resin (as they can in an aqueous 
solution) and thus slow down the rate of decomposition. This seems to be the reason 
why the Kd of uranium in methanol solution, in which the formation of bicarbonate 
can proceed unobstructed, is markedly higher than in aqueous solution. 

The Kd did not change with increasing uranium concentration in the solution 
except when acetone is employed as a solvent. The Kd values of uranium are, how- 
ever, very low, which means that uranium, if at all, only forms a very weak nagatively 

charged trichloroacetate complex. In acetone solution, however, the effect of uranium 
concentration on the Kd shows the usual results, i.e., it remains constant first, in this 
case up to 30 mg of uranium/l0 ml of mixture, and then decreases in order to retch, 
at 100 mg of uranium/IO ml of mixture, a value which does not further change 
appreciably with an increase of uranium concentration in the solution. Therefore 
acetone can be regarded as the most suitable solvent from which to adsorb uranium 
quantitatively in the presence of trichloroacetic acid. 

In Table V the adsorption behaviour of other elements is shown (as determined 
in the presence of 1 g of trichloroacetic acid + 10 ml of solvent). 

Not only is uranium strongly adsorbed from trichloroacetic acid-acetone solution, 

but so also are copper and gadolinium; these can, however, not be separated on the 
resin by a change of solvent. From the other solvents uranium and practically all other 
elements investigated can only be adsorbed weakly, so that the analytical application 
of trichloroacetic acid solutions is rather limited. An exception may be made for 
lead, which can be adsorbed fairly strongly from three solvents, and can thus be 
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separated from all the other elements investigated. By comparing Table V with 
Tables I-IV, it may be seen that solutions containing trichloroacetic acid are the 
least suitable for anatyticat purposes. 

From experiments performed in nitric acid-propionic acid mixtures, it was found 
that the adsorption of uranium from such solutions was higher than from corre- 
sponding mixtures containing acetic acid. It was expected, therefore, that in pure 
propionic acid, or in solutions containing a high percentage of propionic acid, the Kd 
of uranium would also be higher than in acetic acid mixtures of comparable compo- 
sition (c$ Fig. IO with Fig. 4). 

Prcpianw acid, Y. (v/v) 

a IO 20 30 40 so 60 70 80 

Fw. IO.--InRuence of propionkz acid concentration: 
I-Water II-Methanol 

III-Acetone IV-Dioxan 

In Fig. IO the influence of the percentage of propioaic acid on the Ka of uranium 
is shown. 

The Ka of uranium, apart from a few breaks, increases with an increase of the 
concentration of propionic acid, and reaches a maximum in lOO*? propionic acid. 
This means that pure propionic acid, compared with pure formic, acetic and dichloro- 
acetic acids (cJ Fig. 10 with Figs. I, 4 and 7), is a solvent which is more suitable 
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for the adsorption of uranium, because in it the Kd of uranium has a much higher 
value than in the other liquid acids. 

Investi~tion of the adsorption behaviour of uranium in mixtures consisting of 
10 ml. of solvent containing U-4 mf of ~ro~~on~c acid gave the resufts shown in Fig. I I. 

Contrary to the results obtained in formic and acetic acids, the influence of 
propionic acid on the Ka of uranium is rather irregular. Especially remarkable is 

the steep decline of the Ka with decreasing concentration of propionfc acid in the 

Fm 11 .-InrIuerlce of pmpionic acid CQn~n~t~vn: 

L-Water II-Methanol 
Ill-Ethanol IV-n-Prapand 

V--Isopropanol VI-II-ButarmI 
VU-Isobutanol Vfff-Acetone 

uG-Dioxan 

cit~e of lfxe butan& (curves Vf and VII of Fig. 11) and acetone +.~ve VIII); this 
is attributable to the hydrolysis of the uranyl ions in these media of low acid concen- 
tration. By employing 1 g of acid/l0 ml of solvent, all solvents except the butanols 
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and dioxan will be suitable for analytical purposes, because the distribution coefficients 

of uranium in these solvents will be sufficiently high to guarantee the quantitative 
adsorption of uranium on the resin, Also, the Kd of uranium reaches a value of lo6 
in ethanol solution containing O-l-0-25 ml of propionic acid. Such a high adsorption 

of uranium has previously been reported to occur only in sulphuric acid-organic 
solvent mixtures.‘O 

Studies of the influence of the uranium concentration on the Kd of uranium 
showed that the Kd first remained constant from 0 to 50 mg of uranium/l0 ml of 
solvent (in all solvents except the butanols and dioxan) and then decreased with 
increasing uranium concentration in the solution. 

The adsorption behaviour of a series of other elements has also been measured. 
The distribution coefficients and separation factors are recorded in Table VI. 

Based on the results shown in Table VI the following method for the separation 
of uranium from lanthanum in propionic acid-acetone and -water mixtures was 
developed. 

Separation of uranium from lanthanum 

The nitrates of uranium and lanthanum were dissolved in 100 ml of a mixture consisting of 90 ml 
of acetone and 10 ml of propionic acid, and the solution was passed through a pretreated resin bed 
(see Experimental) at a flow rate of 0.5 ml/min. During this operation a simultaneous adsorption 
of uranium (Kd = 2 x l(r) and lanthanum (& = 480) took place. Thereafter the resin was washed 
with 100 ml of a solution consisting of 90 ml of water and 10 ml of propionic acid; the lanthanum 
(Kd = 7.0) was eluted, but uranium (Ka = 2.8 X lOa) was still retained on the resin. Afterwards 
the uranium was eluted by means of 100 ml of 1 M hydrochloric acid, and the quantitative determina- 
tion was carried out as described earlier. 

The results of a series of column operations carried out in this manner showed 
that ,ug- and mg-amounts of uranium and lanthanum can be separated quantitatively 
from one another by means of this procedure. 

Table VI suggests many other separation possibilities, e.g., separation of uranium 
from copper, nickel, cobalt, lanthanum and gadolinium in pure propionic acid; 
separation of uranium and nickel from lanthanum and gadolinium in propionic 
acid-dioxan solution. In these conditions only lanthanum and gadolinium ,are 
adsorbed, whereas uranium and nickel pass into the effluent. In order to separate 
lanthanum from gadolinium on the resin column, the resin is washed with propionic 
acid-ethanol solution; lanthanum is eluted, whereas gadolinium remains still adsorbed. 

The fact that lanthanum and gadolinium have high distribution coefficients in 
propionic acid-dioxan solution, whereas uranium shows only little adsorption from 
such a medium, could be of importance for the separation of uranium from the rare 
earth fraction of its fission products. The use of such a mixture would thus make it 
possible to separate high amounts of uranium (from the spent reactor fuel uranium) 
from the rare earths which are formed in lesser amounts and could thus be adsorbed 
on relatively small amounts of resin. 

CONCLUSION 

From the experimental results presented it can be seen that anion-exchange in 
non-aqueous media containing organic acids can be employed to solve many separa- 
tion problems encountered in analytical chemistry. In particular, the examples 
cited show that these organic media can successfully be used to separate uranium 
from other elements, a fact which is of special importance in reactor chemistry. 
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Zusannnenfassung-In der vorliegenden Arbeit wird das Anionenaus- 
tauschverhalten von Uran(VI) und einer Anzahl anderer Elemente in 
organ&hen SLuren-organischen Lijsungsmittelgemischen beschrieben. 
Als organische Lijsungsmittel wurden einige aliphatische Alkohole, 
Aceton und Dioxan verwendet. Als organischen Sauren widen 
untersucht Ameisen-, Essig- und Propionslure sowie einige Chlor- 
derivate der Essigslure. Auf Grund von Bestimmungen der Ver- 
teilungskoeffizienten und Trennungsfaktoren in den verschiedensten 
Medien konnten Trennungsmethoden des Urans von anderen Ele- 
menten entwickelt werden. 

Rbum&Dans le present memoire, on d&it le comportement, au 
point de vue Cchange anionique, de l’uranium hexavalent et dun 
certain nombre d’autres elements, en solvants organiques contenant 
des acides organiques. On a utilise comme solvants quelques alcools 
aliphatiques, Pa&one et le dioxane. Comme acides organiques, on a 
Ctudie les acides monocarboxyliques suivants: formique, acetique, 
propionique. ainsi que les derives chlores de l’acide adtique. Par 
l’intermtdiaire de la determination des coefficients de distribution et 
des facteurs de separation dans les differents milieux. on a developpe 
des methodes de separation de l’uranium d’autres elements. 

REFERENCES 

1 J. Korkisch, Thesis, University of Vienna, 1957. 
a F. Hecht, J. Korkisch, R. Patzak and A. Thiard, Mikrochim. Actu, 1956, 1283. 
J J. Korkisch, A Thiard and F. Hecht, ibid., 1956, 1422. 
* A Thiard, Thesis, University of Vienna, 1957. 
5 J. P. Riley and H. P. Williams, Mikrochim. Acta, 1959, 825. 
B J. Korkisch, A. Farag and F. Hecht, ibid., 1958, 415. 
7 A. Farag, Thesis, University of Vienna, 1959. 
* J. Korkisch, P. Antal and F. Hecht, Mikrochim. Acta, 1959, 693. 
B P. Antal, Thesis, University of Vienna, 1960. 

lo J. Korkisch and G. E. Janauer Talanta, 1962, 9, 957. 
ii S. Urubay, J. Korkisch and G. E. Janauer, ibid., 1963, 10, 637. 
ia J. Korkisch, I. Hazan and G. Arrhenius, ibid., 1963, 10, 865. 
is S. Urubay, G. E. Janauer and J. Korkisch, Z. anulyt. Chem., 1963, 193, 165. 
I4 T. SchBnfeld. M. El Garhy, C. Friedmann and J. Veselsky, Mikrochim. Actu, 1960, 883. 
I6 G. E. Janauer and J. Korkisch, Talunta, 1962,9,427. 
I6 J. Korkisch and G. E. Janauer, Analyr. Chim. Acta, 1961, 25, 463. 
I’ E. B. Sandell, Calorimetric Determination of Traces of Metals, 3rd Ed. Interscience Publ. Inc., 

New York-London, 1959. 
I8 F. D. Snell and C. T. Snell, Calorimetric Methods of Analysis, 3rd Ed. Vol. II. D. Van Nostrand 

Company, Inc., Toronto-New York-London, 1949. 
is J. Korkisch, Report to International Atomic Energy Agency and US Atomic Energy Commission 

under Contract No. 67/US. February 1961. 
ao Idem, ibid., August 1961. 
a1 tdem, ibid., April 1963. 
*I J. Korkisch, P. Antal and F. Hecht, J. Inorg. Nuclear Chem., 1960, 14, 247. 
*3 F. Tera and J. Korkisch, ibid., 1961, 20, 335. 
*I J. Korkisch and F. Tera, J. Chromatog., 1961, 7, 564. 
es P. Antal, J. Korkisch and F. Hecht, J. Inorg. Nuclear Chem., 1960, 14,251. 
26 J. Korkisch and F. Tera, ibid., 1960, 15, 177. 
27 F. Tera, J. Korkisch and F. Hecht, ibid., 1961, 16, 345. 
** G. E. Janauer and J. Korkisch, J. Chromutog., 1962, 8, 516. 



Talanta, 1964, Vol 11.~~. 747 to 755. Pergsmon Press Ltd. 

EXTRACTION OF THE ZIRCONIUM-ALIZARIN S COMPLEX 
WITH BUTANOL 

C. DR~GULESCU,‘~ T. SIMONESCU and SEPTIMIA POLICEC 
Academia, Republicii Populare Romine, Baza de Cercetari Stiintifib, 

Timisoara, Romania. 

(Received 25 June 1963. Accepted 13 December 1963) 

Sutntna~-Optimum conditions are established for the formation of 
the zirconium-alizarin S lake. Trichloracetic acid exerts a stabilisation 
action over the lake in hydrochloric acid solutions, enabling extraction 
of the lake with butanol over a large range of pH. The butanol lake 
solutions are stable almost indefinitely. The distribution constant has 
been determined, and the 1: 1 composition of the complex in butanol 
proved by the continuous variations, the slope ratio and the molar 
ratio methods. Lambert-Beer’s law is obeyed up to at least 11 pg of 
zirconium. The influence of elements commonly associated with 
zirconium in its natural compounds is less in butanol than in the case 
of determinations in an aqueous medium. 

THE sodium salt of alizarin sulphonic acid (alizarin S), was proposed as a reagent for 
the identification of zirconium by de Boer. l About 20 years later, Yoe and Overholser* 
studied the possible use of this reagent in quantitative analysis. Green3 was the first 
to present a method for the calorimetric determination of zirconium with alizarin S. 
Subsequently, Dorta-Schaeppi and his coworkers* showed that formation of the 
coloured zirconium-alizarin S lake takes place with an equimolar ratio of the 

constituents. 
The reproducibility of the analytical results by calorimetry was contested by 

Mayer and Bradshaw5 who attributed low values of the optical densities obtained to 
an irreversible hydrolysis of the zirconium ions. The formation of zirconium iso- 
polyoxocations also often produces complications in the calorimetric determination 
of zirconium with alizarin S.6 This polymerisation had already been observed by 
Nazarenco.’ It can be avoided by working with freshly prepared solutions.* More 
systematic research in this direction was undertaken by Gtibeli and Jacob,s who 
demonstrated the reversibility of the polymerisation process caused by hot concen- 
trated acids. Kuznetsov and coworkerslo accorded great attention to this behaviour. 

Though many new reagents have recently been proposed for the calorimetric 
determination of zirconium, the zirconium-alizarin S lake still remains of great 
interest.lOpll In the present paper we have studied conditions for the liquid-liquid 
extraction of this lake from aqueous solution with butanol* in order to establish its 
composition and stability as well as the possibility of a calorimetric determination 
of zirconium in this medium. 

EXPERIMENTAL 
Apparatus 

The calorimetric determinations were carried out with a Pulfrich photometer (C. Zeiss, Jena, 
DDR) and the pH determinations with an Orion KTS type 2518/S potentiometer (Hungary). 

l Butanol was chosen as the extractant because- among several solvents investigated it gave the 
best results; it was also readily accessible. 

747 
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Reagents 

@001M Zirconyl chloride solution. Obtained by dissolving reagent grade ZrOCl,.SH,O in O.OlM 
hydrochloric acid. The zirconium content was determined gravimetrically as ZrO,. 

O.OOlM Alizarin S solution. The sodium salt of alizarin sulphonic acid (Riedel de Haen A.G. 
indicator) was purified by extraction with ether and recrystallisation from ethanol,6 then dissolved 
in 0.01&Z hydrochloric acid. 

25% aqueous trichforacetic acid (TCA) solution. Prepared from reagent-grade material. 
n-Eutyl alcohol. Cp. reagent. 
O.OlM Hydrochloric acid 

Procedure 

The basic working procedure was as follows. To a mixture of equal volumes (l-3 ml) of O.OOlM 
zirconyl chloride and alizarin S solutions, 25% TCA solution was added, and the whole diluted to the 
mark with O.OlM hydrochloric acid in a loo-ml flask. The dark cherry-Ted coloured zirconium- 
alizarin S lake was subsequently extracted with butanol. 

RESULTS AND DISCUSSION 

Optimum conditions for formation of the zirconium-alizarin S lake 

In Fig. 1 are shown the absorption spectra of the zirconium-alizarin S lake in 
butanol measured against alizarin S in butanol and against pure butanol, as well as 

FIG. l-Absorption spectra: 
A-zirconium-alizarin S lake in butanol against alizarin S in butanol, 
E-alizarin S in butanol against pure butanol, 
C-zirconium-alizarin S lake in butanol against pure butanol. 

the absorption spectrum of alizarin S in butanol measured against the pure solvent. 
At 531 rnp the absorption of the reagent is small compared with that of the complex, 
and all subsequent optical density measurements were carried out with the “S 53” 
filter of our photometer corresponding to this wavelength, using the pure solvent as 
reference solution. 

Fig. 2 shows that the ,optimum pH conditions for formation of the zirconium- 
alizarin S lake are limited to a very narrow range (optimum at pH l-15). 
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FIG. 24nfluence of pH on absorption of zirconium-alizarin S lake (3 ml of 0401M 
zhconyl chloride and 3 ml of O*OOlMalizarin S diluted to 100 ml with various quantities 

of hydrochloric acid). 

It is known3 that the reaction which leads to the formation of the lake takes some 
time to be completed. Fig. 3 shows that after 60 min the reaction is almost complete 
and continues to develop sufficiently slowly (2% during the next 50 min) to allow 
reproducible measurements to be made. 

‘+Q 

LlfZO 
m 40 6v dy, XwmL, 

FIG. 3-Influence of time on formation of the zirconium-alizarin S lake (equimolar 
quantities of zirconyl chloride and alizarin S plus 5 ml of 25% TCA, diluted to 100 ml 

with O.OlM hydrochloric acid; pH 1.15) 

With regard to the excess of reagent used, Fig. 4 shows that it has no influence on 
the optical density of the lake once the amount of alizarin S present exceeds that 
required for formation of the lake. 

Conditions for extraction of the lake 

For high concentrations of acid, extraction of the lake with butanol from aqueous 
hydrochloric acid is complete. The butanol phase becomes dark cherry-red and the 
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QO6 

a02 

FIG. &-Influence of amount of alizarin S on formation of the zirconium-alizarin S lake 
(483 pg of zirconyl chloride and variable amounts of alizarin S plus 5 ml of 25% TCA, 

diluted to 100 ml with O.OlM hydrochloric acid: pH 1.15) 

aqueous phase colourless. With less acid solutions (pH O-8-3), but otherwise the same 
conditions, the lake is no longer extracted and it settles out as a film at the interphase. 
Extraction becomes possible for the whole pH range studied (pH O-8-3) if trichlor- 
acetic acid (TCA) is added. 

Large amounts of TCA acid have little influence on the pH of the solution and 
thus do not alter the acidity required for a favourable extraction. The optimum 
extraction conditions (pH 1.15) are obtained when the lake formation takes place in 
O*OlM hydrochloric acid solutions containing 1.257, of TCA. 

The extractions were carried out 60 min after mixing of the reagents (because the 
lake has then become sufficiently stable) first with a volume of butanol approximately 
30%, then 20% of that of the aqueous solution. The combined organic extracts were 

centrifuged to separate traces of water, and the colour measured photometrically. 
TCA exerts a definite stabilising action on the aqueous lake solutions. Under the 

given working conditions the lake solutions are stable for 168 hr, whereas in the 
absence of TCA 25% decomposition occurs within 68 hr. Butanol solutions of 
the lake are stable almost indefinitely compared with the aqueous solutions. 

Under the above conditions, the distribution constant of the zirconium-alizarin S 
complex between water and butanol is K = 0.054, and the percentage extractiorP is 
E = 85.6%. 

Stability of zirconyl chloride solutions 

Because polymerisation of the zirconyl ion to form polyoxocations of zirconium 
is well known,‘a the same behaviour is to be expected for the zirconium-alizarin S 
lake formation under our conditions. To illustrate this, we present in Fig. 5 ab- 

sorption spectra of the zirconium-alizarin S lake prepared from zirconyl chloride 
solutions of varying age (O-14 days). The spectra show that as the age of the zirconyl 

solution increases there is a gradual lowering of the absorption maximum (Fig. 6). 
This supports the existence of an equilibrium between a monomer and polycation of 
zirconium. 
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I I I I I I I I 
400 450 500 550 61 

fw 

1 650 

FIG. 5-Absorption spectra of zirconium-alizarin S lake prepared from zirconyl 
chloride solutions of varying age : 

l-fresh solution, 
2-2-day old solution, 

3-7-day old solution, 
4--12&y old solution, 

5-14-day old solution. 

FIG. 6- 

a3 - 

I 
3 6 9 I2 

Days 

-Influence of age of zirconyl chloride solution on absorption 
maximum of the zirconium-alizarin S lake. 
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The absorption spectrum of the lake derived from the 14day old zirconyl solution 
(curve 5 of Fig. 5) is very similar to that of the lake obtained under the same condition 
from a freshly prepared zirconyl solution of half the strength. This leads us to assume 
that in the 14-day old solution, 50% of the original zirconium is present in a poly- 

merised form. 

Validity of Lambert-Beer’s law and calorimetric determination of zirconium 

From Fig. 7 it follows that for both aqueous and butanol media the Lambert- 
Beer law is obeyed up to at least 11 ,ug of zirconium. 

Q04 

3 6 9P9/d f2 
FIG. 7-Absorption of the zirconium-alizarin S 

A-aqueous solution, 
B-butanol extract. 

lake : 

For the calorimetric determination of zirconium, the optical density of the lake 
developed from the test solution is measured and compared with a calibration curve 
obtained with a freshly prepared solution of zirconyl chloride. The error does not 
exceed 3 %. 

Eflect of foreign ions 

APf, Fe3+, Ca2+, Cd2+, Mg2+, In 3f, Ga3+, La3+, Mn2+, Pb2+, Zn2+ and Fe2+ do not 
interfere unless present in a quantity 100 times as large as that of zirconium. Thorium 
up to a concentration 150 times and chromium 25 times that of the zirconium are 
also without effect. Anions with which zirconium forms complexes influence its 

determination. 

Composition of the zirconium-ahzarin S complex 

The optical densities of the complex are plotted against wavelength in Fig. 8 for 
various molar ratios. Because the curves have the same characteristics, with their 
maxima at the same wavelength, the formation of a single complex is indicated. We 
have confirmed this as well as its 1: 1 composition. The methods used were those of 
continuous variations (Fig. 9), I3 the slope ratio method (Fig. 10)14 and the molar 
ratio method (Fig. 1 1).15 
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Go0 500 6w 
4 

XW mp dD0 

0,6 

FIG. %-Absorption spectra of zirconium- 
alizarin S lake for various molar ratios of 
zirconium : alizarin S:-I-l : 1, 11-l : 2, 

111-l : 25. 

FIG. 9-Continuous variations curves for zirco- 
nium-alizarin S lake (each reactant in ml of 
04OlM solution) : 
A-aqueous solution, B-butanol extract. 

412 

al- 

3 

409 

08% 

0,03 

2 4 6 0 IO 12 

FIG. lO--Slope ratio curves for zirconium-alizarin S lake (OWlM reactants, with 5 ml 
of the constant component per 100 ml of solution): 

I, II-aqueous solution, 0, A-zirconium variable, 
III, IV-butanol extract, 0, A--alizarin S variable. 
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FIG. 11-Molar ratio curves for zirconium-alizarin S lake (483 scg of zirconium and 
variable amounts of O.OOlM alizarin S, diluted to 100 ml of solution): 

O-aqueous solution, O--butanol extract. 

Degree of dissociation and equilibrium constant 

The curves in Fig. 11 demonstrate the existence of an appreciable dissociation in 
the system as studied by us, which makes possible the calculation of the degree of 
dissociation, a, from the relationship15 

a = (Em - &)/Em 

where Em is the maximum optical density for the horizontal portion of the curve, 
corresponding to complete reaction of the zirconium, and Es is the optical density for 
the stoichiometric molar ratio of alizarin S to zirconium. From the molar ratio curves 
(Fig. 1 l), we have obtained for E, and Es, respectively, the values 0.0792 and 0.0700, 
which lead to a = O-1314. 

The instability constant of the zirconium-alizarin S complex 

a2 . c K=- 
l-a 

where c, the total concentration of the complex, equal to the zirconium concentration 
is 1.5 x 1O-5 mole/l., was found to be 2.98 x 10-7mole/l. 

Zusammenfassung-Die optimalen Bedingungen fur die Bildung des 
Zirkonium-Alizarin S-Farblacks werden festgelegt. Trichloressig- 
slure stabilisiert den Farblack in salzsauren Liisungen und ermoglicht 
seine Extraktion mit Butanol in einem groaen pa-Bereich. Die 
Losungen des Farblacks in Butanol sind fast unbegrenzt stabil. Die 
Verteilungskonstante wurde bestimmt und die Zusammensetzung des 
Komplexes in Butanol mit den Methoden der kontinuierlichen 
Variationen, des Neigungsverhaltnisses und der molaren Verhiiltnisse 
bewiesen. Das Lambert-Beersche Gesetz gilt bis 11 ,ug Zirkonium. 
In Butanol ist die Storung durch Elemente, die gemeinhin mit Zir- 
konium zusammen in dessen natiirlichen Verbindungen auftreten, 
geringer als bei Bestimmungen in wlkigem Medium. 



Extraction of the zirconium-alizarin S complex 

R&arm&-On a Ctabli les conditions optimales de formation de la 
laque zirconium-alizarine S. L’acide trichloracetique exerce une 
action stabilisatrice sur la laque en solutions chlorhydriques, rendant 
possible son extraction au butanol dans un grand domaine de pH. 
Les solutions butanoliques de laque sont stables presqu’indbfiniment. 
On a determine la constante de distribution, et etabli la composition 
du complexe en butanol par les methodes des variations continues, du 
rapport de pente et du rapport molaire. La loi de LAMBERT-BEER 
est respectke jusqu’l 11 ,~g de zirconium. L’influence des elements 
communement associes au zirconium dans ses composts naturels est 
plus faible dans le butanol que dans le cas des dosages en milieu 
aqueux. 
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PRECIPITATION FROM MIXED SOLVENTS-VI 

NICKEL DIMETHYLGLYOXIMATE 
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Summary-The addition of dimethylglyoxime to an acetone-water 
solution of nickel results in the production of nickel dimethylglyoximate 
crystals much larger than those obtained from aqueous solution. 
Immediate filtration yields reproducible results about 3 parts per 1000 
low. Filtration following an evaporation period allows quantitative 
recovery. In either case the precipitate is more easily filtered and more 
free from diverse ions than that normally obtained. 

EARLIER reports have described the advantages to be obtained by precipitating the 
8-hydroxyquinolates of aluminium,’ nickel,g magnesium,3 coppel”’ and uranium5 from 
acetone-water mixtures. In these cases, with the exception of magnesium, the initial 
solution composition was such as to keep all materials in solution. Gradual 
volatilisation of the acetone resulted in decreased solubility and eventual precipitation 
of the metal 8-hydroxyquinolate. The present investigation was undertaken to explore 
the behaviour of other metal chelate precipitates when formed under these conditions. 

This report describes the investigation of nickel dimethylglyoximate. Although 
the precipitate forms very rapidly, without the heating period required for most 
8bydroxyquinolates, a great increase in particle size is still achieved, and a marked 
reduction in diverse ion coprecipitation is effected. The method may readily be 
adopted to routine analysis, or to the rapid separation of nickel from solutions. 

Reagents 
EXPERIMENTAL 

Nickel: Nickel solutions were prepared from reagent-grade NiSOp.6Hz0 (Fisher Scientific 
Company, Fair Lawn, New Jersey, U.S.A.) and standardised by precipitation with dimethylglyoxime.s 
Such solutions contained approximately 3 mg of nickel per ml of solution. 

Copper: Reagent-grade copper shot (Fisher Scientific Company, Fair Lawn, New Jersey, U.S.A.), 
99.98% assay, was used to prepare a solution of copper” ion as previously described.’ 

Cobalt: Reagent-grade Co(NO&6H,O (J. T. Baker Chemical Company, Phillipsburg, New 
Jersey, U.S.A.) was used to prepare a solution which contained 3 mg of cobalt per ml. 

Iron: Reagent-grade Fe(N0,),.9HI0 (Mallinckrodt Chemical Works, St. Louis, Missouri, 
U.S.A.) was used to prepare a solution which contained 10 mg of iron per ml. Dilute nitric acid was 
added to prevent hydrolysis. 

Dimethylgfyoxime: Reagent-grade powder (Mallinckrodt Chemical Works, St. Louis, Missouri, 
U.S.A.) was used without further purification. The reagent was used as a 1% solution in 95 % ethanol. 

Acetone: Reagent-grade acetone was distilled through a 3O-cm Vigreaux column. 
All other chemicals were reagent-grade and used without further purification. 

Procedure 

Nickelprecipitation: To a 2%ml beaker were added, in the order given, about 10 ml of a solution 
containing 5-30 mg of nickel, 50 ml of distilled water, 75 ml of acetone, and 10 ml of a tartaric 
acid solution which contained 25Og of solute per litre. Concentrated ammonia was added 

157 
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dropwise until the solution developed a pale blue color and the odour of ammonia was noticeable. 
The mixture was then heated to 65”, and 18 ml of 1% dimethylglyoxime solution were added. When 
less than 10 mg of nickel was in the sample the amount of reagent solution was reduced to 10 ml to 
prevent precipitation of excess reagent. The samples were heated for up to 2 hr at 65” on the water- 
bath, cooled, filtered, washed with water, dried for 1 hr at 150” and weighed as Ni (C,H,N,O,),. 
The gravimetric factor is 0.20319. All filtrates were found to have a pH in the range 8.1-8.4. 

Coprecipitution: The effect of copper, cobalt and iron, as diverse ions, was studied by introducing 
various amounts of these materials into the initial solution. The above procedure was then followed 
except in the presence of cobalt, in which case the amount of reagent was increased so as to be 10% 
in excess above that required to form the his-complex of both cobalt and nickel. 

RESULTS AND DISCUSSION 

The most striking result of these experiments was the increased size of the indi- 
vidual particles that are produced. This effect is demonstrated in Figs. 1 and 2 which 
show, with the same degree of magnification, precipitates obtained by the conventional 
direct addition method and those obtained by the above procedure. For comparison, 
Fig. 3 shows a sample of nickel dimethylglyoximate obtained by the method of 
Gordon and Salesin,’ in which biacetyl and hydroxylamine hydrochloride react to effect 
the in situ generation of dimethylglyoxime. In all observed respects of color, 
particle size, crystal habit, filterability, etc., the precipitates obtained by the in situ 

TABLE L-EFFECT OF EVAPORATION TIME UPON RECOVERY OF NICKEL DIMETHYLGLYOXIMAIX 

Number Evaporation 
of samples time, hr 

8 0 
6 1 
7 2 
3 3 

Nickel Nickel 
added, mg found, mg 

29.88 29.78 
29.88 29.85 
29.88 29.89 
29.88 29.88 

Error, 
m?? 

--c.lO 
-0.03 

0.01 
0.00 

generation of the reagent are identical to those produced when the reagent is directly 
introduced into a solution with a high acetone content. It is, therefore, surprising to 
learn that the precipitation from the acetone-water medium is nearly complete within 
2 min after the addition of the reagent. While some crystal growth, probably mainly 
Ostwald ripening, does occur during the 2-hr heating period, this change is small 
when compared with the difference in particle size obtained if precipitations are 
compared between aqueous and acetone-aqueous media. It is also interesting to note 
that the very similar crystals produced by the in situ reagent generation are formed 
slowly over a 3-hr period. 

Table I shows the effect of the length of evaporation time on the amount of 
nickel recovered. The eight samples which were not heated were filtered approximately 
2 min after the addition of the reagent. In all cases the precipitates were easily and 
rapidly filtered and washed. It is seen from these results that the direct filtration of 
the water-acetone mixture yields results which are low by 3 parts per 1000. Assuming 
this loss to be caused by the increased solubility of the chelate in this medium (an 
assumption supported by the observation that heating the filtrate at 65” for 2 hr 
results in the formation of a red film on the solution) and approximating the solution 
volumes employed, one calculates on approximate value for the solubility of 60 x 
10-s g of nickel per ml of solution. The aqueous solubility is reported as 8 x 10-s g 
per ml.* 

The analysis of six lo-ml aliquots of one nickel solution by the above procedure 



FIG. 1 .-Nickel dimethylglyoximate precipitated from aqueous solution. 

Fro. 2.-Nickel dimethylglyoximate precipitated from acetone-water solutibn. 

1 



FIG. 3.-Nickel dimethylglyoximate precipitated by in situ generation of reagent 
(Distance shown is 0.1 mm in all Figures) 
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TABLE IL-PRECIPITATION OF NICKEL DIMETHYLGLYOXIMATE 

FROM WATER-ACETONE 

Nickel added, 
mg 

Nickel found, 
mg 

Error, 
“g 

1.49 1.48* -0.01 
2.99 2.96b -0.03 
5.98 5.998 -to.01 
8.96 8.96 0 

14.94 14.95 10.01 
20.92 20.92 0 
26.89 26.87 -0.02 
35.86’ 35.81 -0.05 
41.83c 41.83 0 
59.76c 59.70 - 0.06 

B Average of 2 determinations 
b Average of 3 determinations 
c Twice the amount of DMG was added for the larger 

samples. 

TABLE III.-COPRECIPITATION OF DIVERSE IONS WITH NICKEL DIMETH~LGLYOXIMATE 

PRECIPITATED FROM A WATER-ACETONE MIXTURE 

Nickel 
added, mg 

Diverse 
ion 

Diverse ion 
added, mg 

Nickel found, 

ml? 

Error, 

ml? 

29.88 
29.88 
29.88 
29.88 
29.88 
14.94 
14.94 
14.94 
29.88 
29.88 
29.88 
29.88 
29.88 
14.94 
14.94 
14.94 
29.88 
29.88 
29.88 

CU 
cu 
cu 
cu 
CU 
cu 
CU 

: 
co 
co 
co 
co 
co 
co 
co 
Fe 
Fe 
Fe 
co 

9 
15 
30 
45 
60 
45 
60 
15 

9 
15 
30 
45 
60 
45 
60 
75 
30 
40 
10 
9 

29.82 -0.06 
29.86 -0.02 
29.88 OXlO 
29.90 0.02 
29.86 -0.02 
14.88 -0.06 
14.90 -0Gl 
14.91 -0.03 
29.78 -0.10 
29.84 -0.04 
29.92 0.04 
29.96 0.08 
29.98 0.10 
14.96 0.02 
14.94 0.00 
15.05 0.11 
29.86 -0.02 
29.90 0.02 
29.88 0%X) 

yielded an average value of 29.88 mg of nickel with a standard deviation of O-03 mg. 
This result is in exact agreement with that obtained when the dimethylglyoximate 
was precipitated in the normal manner .6 Table II reports the results of the analysis of 
varying nickel concentrations. In addition to the values reported in this Table, 
analysis of samples containing up to 60 mg of nickel were successfully performed by 
increasing the amount of reagent added. 

Table III reports the results obtained when nickel was precipitated in the 
presence of copper, cobalt or iron. These results indicate that the separation of 
nickel from equal amounts of copper or cobalt may easily be achieved, and that 
analysis of solutions containing an excess of these diversions is attainable. It was 
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observed in initial experiments that the presence of cobalt led to a brown filtrate, and 
when the larger amounts of cobalt were present Jaw results were obtained. This is 
believed to be the result of the formation of a soluble cobalt-dimethylglyoxime 
complex. The low results were replaced by those of the Table when the amount of 
reagent was increased as described above. 

Separations from equal amounts of iron were also effective, but when iron and 
cobalt were present simultaneously in amounts greater than 10 mg of iron or 9 mg of 
cobalt, consistently high results were obtained, and a suspension of a dark brown 
material appeared in the filtrates. 

CONCLUSIONS 

The precipitation of nickel dimethylglyoximate from a water-acetone solution is 
an effective and efficient means of generating this precipitate. The material thus 
obtained is of much larger particle size and much more easily filtered than that 
produced from strictly aqueous media. Quantitative recovery of the nickel is possible 
after heating at 65” for 2 hr. 

Acknowledgentent-The authors would like to recognize the support given this work by the U.S. 
Atomic Energy Commission under contract AT(40-l)-2954. 

Zusammenfassung-Zugabe von Dimethylglyoxim zu einer Aceton- 
Wasser-Losung von Ni liefert vie1 grijhere Dimethylglyoximnickel- 
kristalle als in wariger Liisung. Sofortige Filtration gibt reproduxier- 
barum 0,3 % zu niedrige Resultate; schaltet man eine Verdunstungs- 
zeit ein, dann ist die Ausbeute quantitativ. In jedem Fall kil3t sich der 
Niederschlag leichter filtrieren und enthtilt weniger Fremdionen als bei 
der normalen Fiillung. 

R&m&--L’addition de dimethylglyoxime a une solution de nickel dam 
l’ac&one et l’eau foumit des cristaux de dim&hylglyoximate de nickel 
plus gros que ceux obtenus a partir des solutions aqueuses. La 
filtration immediate foumit des rt%ultats reproductibles a environ 3 
pour 1000 au minimum. La filtration apr&s evaporation permet la 
recuperation complete. Dam chacun de ces cas le precipit6 est plus 
facilement filtre et plus pur que celui obtenu par voie normale. 
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AND THEIR APPLICATIONS 
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Summary-The ultra-violet spectra of Bi*+, Cul+, Cu+, Fe’+, Pb’+ and 
NOI- in 4M KC1 and in other concentrated chloride solutions have been 
recorded, and their absorptivities, at wavelengths useful for analytical 
purposes, have been evaluated. Similar values for the cyanocom- 
plexes, [Cu(CN),]*- and [Ni(CN),]‘-, in 4M KC1 solutions, have also 
been obtained. These values have then been used for the independent 
determination of six ions in “synthetic” KC1 solutions by the methods 
aheady proposed (A. GUSNER and P. Avmux, Talanta, 1964,11,677). 
Some of the results are given in detail. 

INTRODUCTION 

A COMPARATIVELY large amount of information on the ultraviolet absorption spectra 
of cations in concentrated halide solutions has accumulated since the first publica- 
tions of Fromherz et aZ.l Much of this material is qualitative. Also, in most cases 
the wavelengths of the absorption peaks as well as the absorbances vary with the 
concentration of the halide and with the medium in general.* For these reasons, it 
was found necessary to repeat the measurement of some of the spectra already 
recorded in the literature, and to evaluate the absorption coefficients at various 
wavelengths, the adherence to Beer’s law, etc., under well-defined experimental 
conditions. 

Results thus obtained were then introduced into the formulae developed in Part I, 
and the usefulness of these formulae was tested with 4M KCl solutions to which 
trace amounts of various salts were added in different combinations. The additions 
were chosen to simulate impurities indicated on the labels of chemically pure or 
analytical reagents. The impurities determined were bismuth, iron, lead, copper, 
nickel and the nitrate ion. Typical results obtained from the seventy solutions tested 
are given in tabular form. 

EXPERIMENTAL 
Materials 

For the preparation of concentrated salt solutions, KCl, KBr, KI, NaCl, NaBr, M@,.6H,O, 
CaCl,.2H,O, AlCb6H,O and ZnCl&H,O, J. T. Baker Analyzed reagents, were used. Other reagents 
employed were also of analytical grade, mostly J. T. Baker. CuCl was prepared in the laboratory. 

* Part I: Talanta, 1964, 11, 679. 
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Only specially purified water was used. The laboratory distilled water was passed over ion 
exchangers and was then double-distilled in an all-Pyrex apparatus with alkaline permanganate and 
phosphoric acid in series. The water thus purified was sometimes stored in polyethylene bottles for 
a few days, but solutions were mostly prepared from freshly distilled water. 

Preparation qf solutions 

Stock solutions containing 1 mg/ml of the desired cation were prepared by dissolving 150450 mg 
of the chloride, accurately weighed, in loo-ml volumetric flasks. To salts liable to hydrolyse, HCl 
was added to give a final concentration of O.OlM; or other variations were adopted as necessary. 

These solutions were then further diluted to 40ppm in concentrated alkali halides or other 
concentrated salt media as required. 

Solutions containing any number of ppm (from 1 to 20) of a cation were prepared by mixing the 
40-ppm standard with an equi-normal pure concentrated salt solution in the proper proportion in 
50-ml volumetric flasks. Mixtures containing several “impurities” of a known concentration were 
prepared in a similar manner. Calibrated full pipettes or burettes were used for all volumetric 
measurements, and all solutions were prepared close to the time of taking their spectra, and were 
kept in stoppered polyethylene bottles. 

Apparatus 

For the spectrophotometric measurements an Optica CF4 Grating Spectrophotometer, Single 
Beam, Manual Model, was employed with four matched l-cm (or 4-cm) quartz cells. Small correc- 
tions for the self-absorption of the cells had to be made, varying with the wavelength in the 2Oo-400 
rnp range. and were evaluated by comparison of the cells when filled with distilled water. 

Keeping the slit width fixed at 0.05 mm, deviations of repeated measurements in absorbance units 
(log 1,/I) were less than hO.003. By very careful manipulations, the deviations were reducible 
to +0.002 - 0.001 unit. 

All measurements were made at room temperature, 25” * 3”, with no corrections for temperature 
variations. 

For the evaluation of the spectrum and absorption coefficients of each individual ion a reference 
solution of an identical medium was employed. The absorption spectrum of the synthetic 4M KC1 
solutions, when determining the amount of impurities present, was taken with reference to distilled 
water. 

RESULTS AND DISCUSSION 

Absorption spectra in the ultraviolet 

Some representative absorption spectra of various ions are given in Figs. l-4. 
In Table I, the positions of the measured absorption peaks, their molecular extinctions 

240 280 320 360 400 

Wavelength. ITIP 

FIG. I.-Spectra of Bi3+ and Fe3+ in concentrated chloride solutions: 
A: 4 ppm of Bi in 4A4 KCl; B: 8 ppm of Bi in 2M MgCI,; 

C: 8ppmofFein4MKCl; D: 10 ppm of Fe in 04 MgCla; 

E: 10 ppm of Fe in 6M ZnCl,. 
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Wavelength, mp 

FIG. 2.--Spectrum of 12 ppm of Cul- in 
5M CaCI, (A), and its resolution to Cu” . 
CU and GIL spectra. (6) Spectrum of Cl,. 

Wovelength, mp 

FIG. ~.-[CU(CN),]~- and [Ni(CN),]?- spectra 
in 4M KC1 : 

A: 5ppmofNi; C: 2ppmofCu. 
B: 2 ppm of Nt; 

The wavelength scale is for [CU(CN),]~-; for 
the Ni-complex add 25 m/t units. 

07r 

7 
,o 

8 

0; 
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01 

220 260 300 
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FIG. 4.-Spectra of Pb’+ in concen- 
trated chloride solutions: 

A : 8 ppm of Pb in 2M MgCI,; 
B: 9 ppm of Pb in 4M MgCI,; 
C: 8 ppm of Pb in 5M CaCI,; 
D: 10 ppm of Pb in 6MZnC1,. 
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Concentratmn. PPM 

FIG;. 6.-Variation of absorbance of [Cu(CN),Y- 
(at 235 and 245 mp), and of [Ni(CN),]’ (at 266 
and 283 mp), with concentration, in 4M KCI 

solutions. 

FIG. 5.-Variation of absorbance of 
BP? (in 4Af KCI at 222 m/c, and in 
4M KCI, 2M M&I, or 4M MgCI? at 
327 mp) and of CW (in 4M KCI at 

271 m/c) with concentration. 

c 
0 
0 08 
_o 

: 
x 
; 04 

x 
Q 

0 16 24 32 40 

Concentrotlon, PPM 

FIG. ‘I.-Variation of absorbance 
of Fe3+ with concentration in 4M 
KCI solutions, at the wavelengths 

indicated. 

Concentrotlon, PPM 
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and other relevant values are summarised. Figs. 5-7 show the linearity of the absorb- 
antes at selected wavelengths; concentrations are expressed in ppm. i.e., ,ug per ml 
of solution. 

Bismuth: The absorption spectrum of bismuth was measured in 4M KC1 and in 
2M and 4M MgCl, solutions (see Fig. 1). There are two absorption bands peaking 
at 327 and 222 m,u (the latter is slightly shifted to longer wavelengths in the MgCl, 
solutions). Newman and Hume3 attribute the 327-m,u band to the species [BiCl,]2-, 
and assign to it a molecular extinction of 16.1 x 103. This value is slightly higher 
than that obtained by other authors2@ in 6M HC1 (0~0694-0~0720 for 1 ppm). 
Our results agree with the lower values (see Table I). Beer’s law is observed (see 
Fig. 5) and there is no change in absorbance on passing from 6M to 10M HC12 or 
from 2M to 4M MgCl, solutions. 

Incidentally, the short wavelength band at 222 mp coincides with an absorption 
peak attributed by Newman and Hume3 to Bi3+ ion, but the chloro- complex has a 
four-fold intensity in absorbance. In spite of this high molar extinction, the use of the 

TABLE I.-A SUMMARY OF SPECTRAL DATA 

Ion Medium 

Specific 
Absorption absorptivity, Molar 
peak m/l PPm absorptivity Miscellaneous 

Bi*+ KC1 

2M or 4M 

MgCb 

222 
327 
225 
327.5 

0.230 
0.070 
0.200 
0.069 

48,070 
14.630 
41;800 
14,360 

cu=+ KC1 257.5 0.037 2350 
2M MgClt 251.5 0.037 2350 
4M MgC& 271 0.064 4066 
2.6M AU, 271 0.062 3940 
5M CaCl, 270 0.070 4430 
6M ZnCI, 252 0.023 1460 

cu+ KC1 
4M MgCll 

2.6M AlCl. 
5M CaCl, 
6M ZnCls 

[Cu(CNl,]‘- KC1 
Fea+ KC1 

4M MgCl, 

270 0.057 3620 
270 0061 3870) 
269 0.069 4385 
268 0.068 4320 I 

2610) 

11 180 
6980 

267 0.041 

235 0.176 
222.5 0.125 
335 0.0455 
226.5 0.125 
363.5 0.060 
227 0.135 
362 0.063 

2540 
6980 
3350 

2.6M AlCl, 

Wi(CN),I*- KC1 

Pb’+ KCI 
2M MgCll 
4M MgCl, 
2.6M AlCl* 
5M CaCl, 
6M ZnCl, 

266 

284 

268 
268 
271 
270 
271 
257 

0.185 

0.095 

00455 
00425 
0.0700 
00667 
0.0700 
0.0388 

10,860 *g&_,,, = 0.115 
5,580 Aq&+ = 0.083 

9,430 
8,800 
14,500 
13,810 

I 14,500 
8,040 

A$;o_rso = 0.0270 

*q%-rro, = 0.046 

Shifting spectra and 
partial decomposition 
to 2cu+ + Cl*. 

Reduced by SOJ*- 

Reduced by 
[HONHJCI 

Aq&nrr = 0.098 

Aq::,,+o = 0.0143 
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long wavelength band is more convenient for analytical purposes. Tervalent iron, 
which has in concentrated chloride solutions a nearly level absorption in the 327-rnp 
region (see Fig. I), is the element most liable to interfere. The absorbance of Fettr 
was found to be identical at the two wavelengths 330 and 340 rnp; hence it is proposed 
to determine the concentration of bismuth by taking measurements at these two 
wavelengths; the difference in the specific absorptivities is hq!,‘,, ,ldo = O-0460 5 
O-0004 per ppm of bismuth. 

C0pp.G : The absorption spectrum of the cupric ion in concentrated chloride 
(or bromide) sotutions is anomalous. In a previous publication6 it has been suggested 
that this anomaly results from a partial decomposition to cuprous halide and halogen 
molecules. The evidence with respect to the identity of the absorbing species is 
inconclusive.‘J It may be observed (Table I) that as the activity in the chloride 
solutions increases there is a shift of the peak absorbance to longer wavelengths 
with a parallel increase in molar absorptivity. As a rule, such behaviour indicates 
the gradual formation of a more highly co-ordinated chloride complex, probably 

[CUCI,]” . In Fig. 2 the absorption spectrum of coppertt in 5M CaCI, is shown with 
three distinct peaks at 370, 273 and 235 mp. The spectra of cupric chloride in 4M 
MgCI, and in 6*7M HC14 appear very much alike, in contrast to the single-peaked 
spectra in 4M KC16 and in 6M HCI. 2 On passing chlorine through a pure CaCI, 
solution, a band with a peak at 235 rnp is also obtained. The shape of the chlorine 
band together with a knowledge of the absorption spectrum of the cuprous chloride 
(see below) allows the complete resolution of the original irregular cupric chloride 
spectrum to its constituents, as shown by the thin lines in Fig. 2. Accordingly, the 
highly co-ordinated chloro complex of copperrr has a maximum absorbance at 276 rnp 
and a secondary band at ~370 mp.s 

Coppd : Cupric salts may be reduced to the cuprous state by hydroxylamine 
more conveniently than by other reducing agents, in slightly acid or neutral solutions 
but not in concentrated acid solutions .2 As a rule, heating the solution (to which 
a few grains of the solid reagent. NH,OH.HCI, were added) below boiling for l-2 set 
was found to be necessary in order to complete the reduction, which was also success- 
fully accomplished by sulphite or hydrogen peroxide. In these last cases. the solutions 
had to be boiled to destroy the excess of the reagents which absorb in the ultra- 
violet.” Beer’s law is observed (see Fig. 5), but because of the closeness of the ab- 
sorption band of the cuprous complex to that of Pb2t, the use of this band for the 
determination of copper cannot be recommended wherever lead is present in larger 
amounts. A trial determination of copper in pure zinc metal, after dissolution in 
hydrochloric acid and reduction, proved promising. 

Cupric chloride is readily converted to the cuprous cyanide complex,1a-12 
[CU(CN),]~-. even in concentrated KC? solutions, on adding a small excess of KCN. 
The cyano complex has two narrow absorption bands with peaks at 215 and 235 rnp 
(see Fig 3) which serve for the safe identification of copper. The excess of cyanide 
does not interfere with the determination of copper in the region of the long wavelength 
band. The absorbance of the neutral or slightly alkaline 4N KC1 solution at 235 
and 245 rnp is to be measured with reference to a portion of the same solution to 

which no cyanide has been added. Beer’s law is observed; the difference in absorp- 

tivities is .lq;jli_,,, = 0.098 4:. 0.008 per ppm of copper, in’good agreement with 

results recorded by the authors cited above (see Fig. 6 and Table I). 
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1~~111: Solutions of tervalent iron in 4M KC1 absorb strongly in the whole 
range of the ultraviolet. There are two distinct bands with peaks at 222.5 and 335 m,u, 
the latter being less intense and very broad. The absorption spectrum is attributedI 

to the four co-ordinated species [FeCI,]-. 
In neutral solutions the absorption is less intense throughout, and the iron is 

hydrolysed and precipitates with time. All solutions were therefore made up to 
contain 0.01 M HCl, and were found to be stable and to give reproducible results. 
Typical absorption spectra in KC1 (and other concentrated chlorides) are shown 
in Fig. 1, the relevant values being recorded in Table 1. Beer’s law is observed at 
all wavelengths (Fig. 7). Methods for the determination of iron in concentrated HCl 
have been previously proposed.5y14 

For the determination of iron in KC1 solutions, the use of method I (see Part I) 
is advised, taking measurements at the wavelengths 360 and 380 mp. The difference 
in absorptivities Aq?&,,, = 0.0143 * 09005 per ppm of iron. Most common 
cations (including Bi3+) and anions do not interfere with the determination of iron 
at these wavelengths. The most serious deviations were observed in the presence 
of Sn2+ (because of reduction), Br03-, IO,- and S20B2- ions. 

As a rule, a part of the iron in KC1 products is present in the reduced bivalent 
state. Hence the solutions should be oxidised by adding 1 drop of an S,Os-” or ClO,- 
solution, containing 5 mg/ml of the reagent, and boiled. 

In 4M MgCl, solutions the absorption peaks of Fe II1 shift to longer wavelengths, 
being identical in position and intensity with those recorded in 6.7M HCl solutions.4 
The deformation of the spectrum is even more pronounced in 5M CaCl, solutions, 
whilst in 6M ZnCl, solutions there is a gradual rise in absorbance towards shorter 
wavelengths, but no well-defined absorption bands may be distinguished (see Fig. 1). 

Hydroxylamine hydrochloride reduces ironI” to iron” on boiling the solutions. 
The absorbance of the latter is comparatively small, and the reaction may be used for 
the determination of iron by a differential method,15 or for elimination of the 
interference of iron in the determination of other ions. 

Nickel: The absorptivity of the chloro complex of Ni2f is too small for its deter- 
mination in the ppm range. On the other hand, nickel yields an extremely stable 
cyano complex, [Ni(CN),]“-, on the addition of the slightest excess of cyanide.16 
The absorption spectrum of this complex in 4M KC1 solutions has two narrow and 
intense bands with peaks at 266 and 284 rnp (Fig. 3 and Table I), in excellent agree- 
ment with results obtained in aqueous solutions by previous investigators.1°J7Jl 
The cyano-nickel complex has already been used for the spectrophotometric deter- 
mination of nickel in the 0.2-2.5 ppm range. l8 Beer’s law is observed at both wave- 
lengths, and the nickel may be determined by using Method I and either, or both, 
absorption bands. Acid solutions should be neutralised by ammonia before adding 
20-40 ppm of KCN (according to the concentration of the nickel present) to the test 
solution. A blank to which no cyanide has been added serves as reference solution. 

Aq,N,‘5_,75 = 0.115 + 0.005 and Aq&29s = 0.083 * 0.005 per ppm of nickel.’ The 
determination of 1 ppm of Ni in KC1 solutions containing up to 150 ppm of various 
cations resulted in a deviation of O*Ol-0.02 ppm. The interference of Fe3+ and of Pb2+ 
was more serious than that of other cations, and results obtained were too low by 
0.08 ppm. This interference may be eliminated by making the solutions slightly 
alkaline with ammonia, before adding the cyanide. 
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Lead: The spectrum of the chloro complexes of Pb2+ was investigated by From- 
herz,’ and more recently by other authors,2T415 with analytical purposes in mind, 
using concentrated HCl solutions. Two effects were noted2 with increases in con- 
centration of HCI: (a) a shift of the absorption peak towards longer wavelengths 
(maximum 271 mp), and (b) a simultaneous increase in absorptivity. The absorption 
band at 271 rnp is attributed to the species [PbC14]2-, whilst those at shorter wave- 
lengths result from chloro complexes with less than four chlorine ions. 

Parallel changes in the spectra of Pb2+ with increase in the concentration of MgCI, 
solutions were observed in the present work (Table 1) and Fig. 4. It is notable that 
in 6M ZnCl, solutions the Pb2+ band has a peak at 257 mp. and is much broader and 

FIG. 8.-Variation of absorbance of Pb*+ with concentration in 4MKCI (at 
270 and 280 m/c) and in 2M and 4M MgCle (at 268 and at 272 m,u) solutions. 

NO,-in 4M KC1 at 220 and 230 m/l. 

less intense that the absorption spectra in the other concentrated chloride solutions, 
in accord with the low activity coefficients of concentrated ZnCl, solution@ and the 
binding of the Cl- ions in the complex [ZnC1412-. The intensity of absorbance of 
Pb2+ in concentrated chloride solutions may thus be considered to be a measure of 
the relative activity of the chloride ion in these solutions. Another aspect which 
characterises the formation of the tetrachloro-complex, [PbCl,]“, is the half-width 
of the absorption band; in 2M MgCl, and in 4M KC1 the half-width is 22 rnk, 
whilst in 4M MgCl,, 2.6M AlCI, and 5M CaCl, it is only 14 mp. 

In KCI, as well as in the other chloride solutions, Beer’s law is observed if the 
concentration of the “mother salt” is kept constant (Fig. 8). Aq~$_asO (in KC1 solu- 
tions) = 0.0270 rt OGKl6 ppm of lead. 

In actual determinations of lead present in solid KCl, Cu2+ and Fes+ interfere 
to a great extent. Therefore Method I is not valid. Kres@ proposed a method 
formally resembling Method II of the present authors. It has been found that Method 
III yields much more satisfactory results, and this has been used by us in the synthetic 
test solutions, as well as for the determination of lead present in pure and analytical 
grade KCl. The characteristic correction ratio necessary for this method, Kzb = 
A;;0/AA&$_28,, = 1.62 i 0.02. 

Nitrate: The absorption spectrum of the nitrate ion in aqueous and in electrolyte 
solutions has recently been investigated by a number of authors.21Js It is character- 
ised by two absorption bands with peaks at 300 m,u and in the-region of 200 mp. 
The first band is too weak to serve for the determination of the nitrate ion in small 
concentrations. The intense band is too far out in the ultraviolet, hence only Method 
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Ill can be expected to be of analytical use, taking measurements on the long-wave 
tail of this band. 

In 4M KC1 solutions, Beer’s law is observed at wavelengths 220 and 230 rnp 
(see Fig. 8), the specific absorptivity at these wavelengths being O-051 and 0.011 per 
ppm of NO,- in solution, i.e., Aq&2.& = O-0398 f 0.0018, and the correction 
ratio KS09- = A.$$-/AA&&, = l-27 f 0.03. 

Cat&s and anions which do not absorb in this range of the spectrum do not 
disturb the determination of the nitrate ion, even if present in aconcentration of 
100-1000 ppm. Relatively high concentrations of SOd2-, POd3-, ClO,- and Br- ions 
also do not interfere seriously. On the other hand, many cations, such as Bi3+, Fe3+, 
Cu2+ and Pb2+, if present in concentrations higher than a few ppm, distort the results. 
When the concentration of these ions is known from previous determinations, 
appropriate corrections may be introduced in Formula III (see Part I.of this series. 
For example : 

Aq&_230 = 0.095 ; 

Aq;;,23,, = 0.018 ; 

q;;() = 0.220 

qg& = 0.020. 

It has also been found that the interference of many of these cations can be eliminated 
simply by making the solution slightly alkaline with ammonia; the slight precipitates 
remain in suspension and do not disturb the determination of the nitrate ion. 

TABLE II.-EQUATIONS AND EXPERIMENTAL RESULTS ON THE QUANTITATIVE 
DETERMINATION OF IONS IN 4M KCI SOLUTIONS 

Ion 
detd. 

“Equation 
used 

Sensitivity 
of method, 

PPm 

Mean 
deviation, 

PPn’ 
No. of 
detns. 

*A:*o-rro BiS+ - 
0.0460 

ho.06 d-O.2 9 

aP+ 
*A:,,-*,, 

0.0980 

wao-333 
Feat - 

0.0143 

f0.03 t0.08 

*IO.2 r0,4 

29 

6~ 

bNi2 b 
*433-$73 

0.1150 *0.03 10.05 37 

Pb’+ 
(*~;,O_ssO)* x 60 

A:,, 
f0.06 tr0.2 64 

(*A;,,_,,,)* 
x 31.9 

NOS 
A:*, 

10.08 io.7 55 

D On substituting the measured absorption values in the equation the concentra- 
tion of the ion is obtained in ppm. 

* Equation Q&, A;BI--PI1 
= 0083 may also be used; results recorded are the mean of 

both determinations. 
c Determination in the form of the cyanide complex [Cu(CN)J’-. 
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TABLE III.-IONS DETERMINED (F)AND COMPOSITION (P)OF 18 SYNTHETIC 4/b! KC1 SOLUTIONS. PPM 

I. P 
F 

2. P 
F 

3. P 
F 

4. P 
F 

5 P 
F 

6. P 

7. : 
F 

8 P 
F 

9. P 
F 

IO. P 
F 

II. P 
F 

12. P 
F 

13. P 
F 

14. P 
F 

15. P 
F 

16. P 
F 

17. P 
F 

18. P 
F 

Fe3+ Pb’ NI’ CLI” BIJ NO, 

30 
2.2 
3.8 
3.6 
0.9 
0.9 
0.7 
0.4 
4.8 
4.8 
3.2 
3.6 
0.3 
02 
4.0 
4.1 
0.6 
0.7 
0.9 
09 
2.8 

5.6 
5.5 
2.2 
18 
0.3 
03 
05 
05 
2.8 
2.2 
1.7 
1.8 
0.9 
0.9 
3.0 
3.3 
01 
0.2 
3.0 
3.0 
35 
3.1 
2.6 
2.4 
2.1 
2.1 
3.9 
4.0 

10.3 
IO.4 

3.7 
3.3 

0.90 0.30 

I.20 
1 18 
0.80 
0.76 
0.40 
0.40 
0.25 

0 70 

0.20 
0.22 
I.00 
I.00 
0.10 

0.55 
0 35 
0.50 

I.70 
1.20 
I.10 

- 

0.40 0.30 

2.1 
14 
2.3 
13 

0.2 
3.2 
2.8 
7.7 
7.5 

10.8 
IO.0 
9.6 
9.2 

0.10 
0.15 
0.35 
0.37 
0.60 
0.61 
0.38 
0.42 
0.90 
0.94 
0.64 
0.65 
0.90 
0.86 

0.10 
0.14 - 

- 

I.5 - 

0.26 
0.21 
0.59 
0.59 
I.04 
1.06 
0.21 
0.08 

- 

0.3 
0.4 
4.0 
4.1 
2.8 
31 
05 
0.7 

20 0 
22 0 
60 0 

_* 

30 
3 I 
4.0 
4.5 

24.0 
25.0 
32.0 
31.0 
IO.0 
IO.1 
6.0 
5.0 

12.8 
12.1 
8.0 
8.6 
3.3 
3.7 
1.3 
1.4 
4.5 
4.2 
3.9 
44 
1.5 
I.0 
9.0* 

- 
- 

0.9 

4.50 

3.60 
3.46 

5.31 

0.75 
- 

4.5 
3.4 

Other ions 

Total 

270 

‘47 

35 

21 

645 

104 

36 

Principal 

75 Br 

80 SO,‘~ 

(12 I 
113 Br 
12 Br 

(250 Na 
(360 SO,‘- 

(30 SO,’ 
120 Br 

15 ZnL 

21 10 SO,’ 

33 27 C103- 

- 

127 

67 

92 

277 

4 SO,“- 
100 Br 

20 CIO,_~ 

36 SO,*- 

60 SOd2- 
48 Br- 

363 

107 

(180 SO,*- 
(150 Br- 

74 Br- 

* Absorbance at 220 m,u was too high. and therefore NO,- could not be determined. 

Deterruination of Bi3-. CL?, Fe3i. NizT and NO,- in 

spthetic solutions of 4M KCI 

Seventy “synthetic” solutions of 4121 KCI (O.OlM in HCI) were prepared in order 
to test the proposed method for the determination of the above “impurities”. The 
KCI solutions were prepared from a J. T. Baker Analyzed stock (lot No. 27162), to 
which the sought cations were added up to 10 ppm, and many other ions (Ca*+. 
St-“-. Bae+, Na+, NH,I, Zn”. Br-. I-. NO,-. CIO,-. SO,*- and POd3-) in widely 
varying concentrations. 

Determinations were made by the use of the equations tabulated in Table II. 
The sensitivity of the method was calculated by assuming that the precision of the 
absorbance readings was *O-003. 

Table 111 records the concentrations (P) of 18 (of the 70) “synthetic” solutions 
and the concentrations of each ion found (F). Only the total concentrations, and that 
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of the main constituent of the ions not determined, is given in the Table. In the case 
of the first 4 solutions, the “pure” 4M KC1 solution served for reference, whilst the 
rest were compared to distilled water. The absorbance of the cyanide complexes 
of copper and nickel was measured in all cases by reference to the same KC1 solutions 
without cyanide. A few of the measured spectra are shown in full in Figs. 9-11, the 
numeration and order being those of the solutions in Table III. The mean deviations, 
and the number of determinations of each ion, are also given in Table II. 

FKX. 9-lO.-Spectra of synthetic 4MKCI solutions (with reference to water, except 
for Nos. 2 and 4). The composition of the solutions is given in Table III. 

The following remarks are thought to be of some interest. 
The presence of FenI in a concentration of more than 1 ppm is clearly indicated 

by the slope of the spectra in the region of the wavelengths 360-380 rnp. 
Four ppm of bismuth are distinctly revealed by an absorption band with a peak 

at 327 rnp (spectrum No. 16), but even less than 1 ppm may be apprehended by the 
presence of a hump in this region of the spectrum (Nos. 15 and 18). 

The absorption band of Pbs+ (peak at 268 m,u) stands out clearly if comparatively 
small amounts of FerII and Cd1 are present (spectra Nos. 4, 12, 14); otherwise the 
presence of lead is indicated only by the inflections on the spectral curve (Nos. 2,6,16). 

The cyanide determinations of nickel were very satisfactory, but the results for 
copper were too low in some cases. Apparently this discrepancy results from in- 
sufficient additions of the cyanide reagent (25 ppm), especially when large amounts of 
iron were present (compare, for example, solutions No. 14 and 15). For the develop 
ment of the [Cu(CN)J3- spectrum itself, at least 20 equiv of CN- are required. 

All spectra of the KC1 solutions show a steep rise in absorbance below 240 mp. 
This strong absorbance in the short wavelength region of the ultraviolet may result 
from a large number of other cationic and anionic impurities in addition to the 
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nitrate ion. In some cases (Nos. 2 and 16) the absorbance was too high and the 
concentration of the nitrate ion could not be determined. 

Whenever distilled water was used as the reference solution, l-3 ppm were deducted 
from the determined values of the nitrate ion, this being the amount of the nitrate 
ion found in “Baker Analyzed” KC1 (see Part 111 of this series of articles*). No 
corresponding corrections were made in the case of the cations determined here. 
The absorbance of lead (if more than 5 ppm were present) and the absorbance of 
bismuth (if more than 2 ppm were present) were deducted from the measured 
absorbances at 220 and 230 rnp before estimating the nitrate ion by Method 111 (Nos. 
1, 15 and 18). 

‘: 
0 

B 

g OI-- 

:: 

8 

B 

0. 
220 260 300 

Wovelenglh, mF 

FIG. Il.-Cyanide spectra of synthetic 4M KC1 solutions (with reference to KCI 
solution of the same composition). 

In conclusion, the test carried out on the synthetic solutions proves that each 
of the six ions dealt with can be determined by the methods proposed, with an accuracy 
of less than 1 ppm. Best results were obtained with nickel: mean deviation &O-O5 ppm 
(see Table II). 

In Part III of this series of articles, the method is applied to the determination 
of “impurities” present in chemically pure and analytical grades of KCI. 

Preliminary work provides evidence that the same methods can be applied to the 
determination of “impurities” in other halides, such as KBr, MgCl,, CaCl,, AICI, 
and ZnCl,, or to the metals and alloys, oxides, carbonates, etc., of the above salts 
after dissolution in HCl. 

The methods proposed may improve the results and help in the spectrophoto- 
metric determination of constituents present in multicomponent solutions in general. 

l Part III, Talanta. 1964, 11, 775. 
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Resume-Les spectres d’absorption ultraviolets du Bi*+, Cusr, CU+, 
Fe3 1 , Pb” et NO, dans KC1 4M et dans d’autres solutions concen- 
trees de chlorure ont Ctt enregistres et leur absorptivite aux longueurs 
d’ondes important pour I’analyse a 6th &ah&. Des valeurs analogues 
pour les complexes cyan& tels [Cu(CN),]‘- et [Ni(CN),]*- en solution 
KCI 4M ont CtC aussi obtenues. Ces valeurs sont ensuite utilisees pour 
le dosage de 6 ions en solution KCI “synthttiques” (methode deja 
proposee par A. GLASNER et P. AVINUR, Tu/anru, 1964, 11, 679). 
Certains de ces resultats sont dorm& en detail. 

Zusammenfassung-Die ultravioletten Absorptionsspektren von Bi”, 
cuz*. Cu’. Fez’. PbS und NO; in 4m KCI und anderen konzen- 
trierten Chloridlosungen wurden aufgenommen und ihre Extinktions- 
koeffirienten bei analytisch geeigneten Wellenlingen berechnet. Diese 
Werte wurden such fiir die Cyanokomplexe [CU(CN),]~~ und 
[Ni(CN),P in 4m KCI ermittelt. Diese Werte wurden fiir die 
unabhlngige Bestimmung von sechs lonen “synthetische” KCI- 
Losungen nach den vorher (A. GLASNER, P. AVINUR, Talunta, 1964, 
1 I, 679) entwickelten Methoden verwendet. Einige Ergebnisse werden 
im Detail angegeben. 
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Summary-The absorption spectra of 4M KC1 solutions of 15 different 
products have been measured, and the concentrations of the impurities, 
bismuth, copper, iron, lead, nickel and nitrate, present in these salts, 
have been determined by the methods already developed (A. GLASNER 
and P. AVINUR, Talanru, 1964,11,679,761). Pairs of products, of two 
different grades of purity, originating from the same firm, have been 
compared. The results are critically discussed. 

INTRODUCTION 

THE methods developed in Parts I and II have been applied to the determination 
of 5 metallic ions and the nitrate ion, present as impurities in KC1 products from 
different sources. The products were from 9 different firms, and in most cases 2 grades 
from the same firm were taken for examination. The results are relevant only with 
respect to the ions actually determined; and contain no information on impurities 
which do not absorb in the ultraviolet. 

EXPERIMENTAL 

Samples of 14.912 g of KCI, dried at l-20”, were weighed out of the freshly-opened containers 
and dissolved in triply-distilled water and 5 ml of 0.1 M HCl, in 50-ml volumetric flasks. The solutions 
of two products (from the Dead Sea Works and from J. T. Baker USP) were turbid, supposedly 
because of the presence of organic matter, and were filtered through fritted-glass crucibles. The 
spectra were measured by comparing with distilled water in an “Optica” CF4 spectrophotometer 
(single beam, manual model) using matched quartz cells of l- and 4-cm width. The measurements 
of each spectrum were repeated 2 or more times, and at least 2 samples of each product were prepared. 

Iron was determined in the freshly prepared solution, and again after oxidising the solution, 
as explained in Part II. In this way, information on both ironttt and iron’r has been obtained. 

For the determination of copper and nickel, 1 drop of concentrated NH,OH (B.D.H. AnalaR) 
was added to the solution to make it slightly alkaline (pH = 7-S). A portion of this neutral&d 
solution was poured into the reference- cell. while to another portion (10 ml) 1 more drop of a KCN 
solution containing 5 mg of CN- per ml was added. 

Absorption measurements over the whole range of the ultraviolet were taken, although ab- 
sorbance values at only two wavelengths, for each ion determined, are required. The equations 
employed for calculating the amount of impurity present in the solid KCl, in ppm (or lo-*%), have 
been tabulated in Part II (Table II). When measurements were made in 4-cm quartz cells, final 
results were obtained after division by a factor of 1.2. 

RESULTS AND DISCUSSION 

Table I lists the firms and qualifying specifications of the KC1 products examined 
by us. 

The determined amounts of the ions Fe3+, Bi3+, Pb2+, Ni2+, Cu2+ and NO,- 

* Par& I and II see T&&r, 1964, 11, 679, 761. 

77s 



116 ABRAHAM GLASNER and PINCHAS AVINUR 

TABLE J.-LIST OF KC1 PRODUCTS 

Firm Product 
Our 

designation 

Agan, Tel-Aviv, Israel. 

J. T. Baker Chemical Co., 
PhIlipsburg, N.J., U.S.A. 

The British Drug Houses Ltd., 
Poole, England. 

May and Baker Ltd., 
Dagenham, England. 

E. Merck AG., 
Darmstadt, Germany. 

1. 
2. 
1. 

2. 
1. 
2. 
1. 
2. 
1. 

Dead Sea Works, Israel. 
2. 
1. 

L. 

Mallinckrodt Chemical Works, 
St. Louis. MO., U.S.A. 

Rledel-de Ha& AC, Seelze, 
Hannover, Germany. 

Baker and Adamson, New York, U.S.A. 

A.R. 
C.P. 
Analyzed Reagent, 3040, 

99.996 KCI, Lot. No. 27162 
U.S.P. powder, Lot. No. 73047 
AnalaR 99,8O,, KCI 
Laboratory reagent 99.5O, KCI 
BP. 
Laboratory chemicals, 99,596 KCI 
pro analysi, 4933, 

max. 0.005?,, Br--, 
Lot. No. 6013799 

pro analysi 4936, Lot. No. I21152 
Twice recrystallised in 

this laboratory 
No. 2868, 97.69.y; KCI, 1.87?!, NaCl 
U.S.P. granular, 6838 

fiir Analyse, 31248, 
Lot. No. 503121 

A.C.S. reagent, Code 2150 

A, 
A, 

J, 
J.? 

BD, 
BD, 
MB; 
MBI 

Dl 
D2 

MK 

R 
BA 

present in 15 different products of KC1 are listed in Table II. 0.0 or 0430 indicate 
results within the limits of the sensitivity of our methods. In the case of iron, the 
amount determined after oxidation is shown, whilst that found in the freshly prepared 
solutions is given in brackets. The difference is supposedly Fe2f. The determined 
amount of the “impurities” is invariably less than that declared on the labels of the 
analysed reagents. Considering that the latter are “maxima”, determined as a rule 
by the sensitivity of the test applied, this favourable result was to be expected. 

TABLE II.-IMPURITIES IN VARIOUS KCI PRODUCTS, ppm, OR lo-‘% 

Source of KCI 

Agdn A, 
Agan A, 
J T. Baker J, 
J. T. Baker J, 
B.D.H. BD, 
B.D.H. BD, 
May and MB, 

Baker 
May and MB, 

Baker 
Merck M, 
Merck M, 
Dead Sea D, 

Fe Heavy metals NO,- 

Found Declared 

1.4 (1.1) 5 
4.7 (4.2) - 
0.6 (0.5) 

18.7(17.2) 1 
1.4 (@9) 
0.7 (0.6) 2; 
4.2 (4.0) 40 

4.5 (3.7) - 

1.1 (1.0) 3 
1.4 (1.2) 3 

10.5 (9.2) - 

Bi Pb NI CU Declared found Declared 

0.1 0.3 0.70 wo 
0.4 0.4 0.55 oal 
0.3 0.5 0.08 O-08 
0.9 1.5 0.53 0.90 
0.1 0.3 0.05 0.00 
0.1 I.6 0.10 0.35 
0.1 1.3 0.50 0.00 

10 12 20 
t 10 4.0 <30 - 

- 3.2 
IO 3.0 20 

5.0 - 
- 23 - 

0.1 1.0 0.20 0.00 

0.0 0.3 0.15 0.00 
0.0 0.4 0.20 woo 
0.2 1.4 0.00 0.00 

- 23 - 

9 0.3 10* 
9 12-O 10* 

- 45 - 

Works 
Recrystallised D, 0.5 (0.2) - 0.0 0.7 0.05 0.17 - 5.7 - 
Mallinckrodt MK 0.5 (0.2) - 0.0 0.3 0.50 0.00 - 4.4 - 
Rledel 

de Haen R 0.5 (0.4) 
Baker and BA 0.8 (05) 

Adamgon 

* Nitrogen compounds. as N 

3 01 0.3 0 10 0.00 10 21 101 
3 0.05 1.3 0.00 owl 5 0.Y 10* 

-..__- 
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Figs. l-3 show the absorption spectra of the solutions, marked by the initials 
of the firms. and numbered according to the grade of the product, for easy reference. 

These spectra are similar to those of the “synthetic” solutions given in Part II, and 
their general forms and singularities, with respect to the “impurities” determined, 
are discussed there. 

04- 

T 03- 

2 

4 

iti 
EOZ- 

0 

‘: 

9 

0.1 - 

o. I I I I I I 
240 260 320 360 400 

FIG. I .-The absorption spectra of 4M KCI solutions of Dead Sea Works (D, and Dr), 
Agan (A, and Aa) and Riedel de Ha& (R) products. 

The total absorbance of the “chemically pure” (or similar lower-grade products) 
is always higher than that of the analysed reagent of the same firm. Evidently this 
results from the presence of further impurities, apart from those determined here, 
including finely divided solids and organic material. The absorption curves of such 
pairs of products exhibit a parallel run, indicating that the purer product was obtained 
from the lesser reagent, by recrystallisation or another process. The same applies 
to the two Merck products, both marked “pro ana/y.si” (see Fig. 2). A study of such 
pairs should therefore be instructive with respect to the utility of the purification 
process employed. An exception are the two May and Baker products, which seem 
to differ only in packaging. (see Fig. 3). 

In the case of the Dead Sea product (D&, recrystallised in this laboratory, iron and 
bismuth were effectively removed, but lead appears to be more tenaciously retained 
(the least amount of lead in any of the analysed products was 0.3 ppm). On the 
other hand, the recrystallised product was contaminated by spurs of nickel and copper 
(see Table II). Two sources are suspect as sources of this contamination: (a) the 
filter paper used (with a Buchner funnel) for filtration, and (6) small particles of the 
floating agent present in the original product. The floating agent seems to be able 
to remove these (and other) metals from the mother liquor, but releases them on dis- 
solving the salt in hot water. 

The large amount of nitrate originally present in D, has been only partly removed ; 
even so, the total absorbance of this recrystallised salt is quite low (Fig. I, Dr). The 
absorbance of the small amount of lead present (0.7 ppm) is brought into clear 
relief (the absorption band being somewhat distorted on the short wavelength side 
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Wavelength, mp 

FIG. 2.-The absorption spectra of 4M KC1 solutions of J. T. Baker (J1 and Jp), Merck 
(M, and MS) and Baker and Adamson (BA) products. 

by the copper) and the greater part of the absorbance at 230 rnp is caused by the 
NO, ion. Hence, the steep continuous rise in absorbance, starting at 250-240 rnp 
towards the shorter wavelengths, that may be observed on the absorbance spectra 
of some of the analytical reagents (J1, MK), cannot be attributed to the NO, ion. 
This absorbance is indicative of the presence of a number of impurity cations (e.g., 
TV) and anions (e.g., MoO,~-) not studied in this work. 

It should be further observed, in this connection, that the absorption spectra of 
products which contain a large amount of iron start to rise at about 290 rnp (A, 
and A,, Js, MB, D,, etc.) The spectra of the two Merck products also exhibit this 

Wavelength, mp 

FIG. 3.-The absorption spectra of 4MKCl solutions of B.D.H. .(BD1 and BD,), 
May and Baker (MB1 and MB,) and Mallinckrodt (MK) products. 
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feature, because of the presence of a relatively large amount of iron. Apparently 
these products were processed in Ni-steel vessels. The same may be said of B.D.H. 
“AnalaRn, which contains more iron than the “Lab. Reagent” (Fig. 3); and of 
J. T. Baker U.SP. (J,, Fig. 2) which contains more iron than any of the other 
products examined. 

The J. T. Baker products also contain more bismuth than the other products. 
The presence of bismuth is clearly observed on both absorption spectra. Similar 
amounts of bismuth (0.3 ppm) were detected in other bottles of the, “Analyzed” 
reagent in our stock room, with the exception of one (Lot No. 25119). 

Mallinckrodt’s U.S.P. can be favourably compared to “Analyzed” reagents 
either in respect of the “impurities” determined, or the total absorbance of the 
solution of the product (Fig. 3). 

The concentration of NO,- was calculated in each case by Equation III (Part 1): 

taking measurements at 220 and 230 m,u. In a few cases of comparatively low total 
absorbance, the more simple Equation, I: QNo”- = A~.&,,_,,,/0~0398, can also be 
used in two ways: (a) by assuming that the total difference of the absorbance of the 
solution at the above wavelengths is caused by the nitrate ion (I) and (6) by correcting 
the absorbance readings for the absorbance of the cations which were previously 
determined (I*). In the latter case, there is still a possibility of obtaining too high 
values owing to unknown impurities. The results obtained by the two methods are 
compared in Table III for 3 KC1 products, backing up the reliability of Method III. 

TABLE 111.-A COMPARISON OF METHODS I AND III FOR THE 
DETERMINATM)N OF NO,- ION 

Source of KCI 
NOo- determined by method, ppm 

I I* 111 

6.0 5.1 5.7 
I.0 0.7 0.3 
2,1 1.2 0.9 

I* After correction of absorbance readings for the cations 
Fez+, Pb*+ and Bi’+ present. 

The authors wish to apologise for any misapprehensions, or unfounded con- 
clusions; they will be grateful for comments and corrections from those concerned. 

Acknowledgentenr-A. G. wishes to express his deep gratitude to the Department of Chemistry, 
Princeton University, Princeton, N.J., U.S.A., for the Visiting Lectureship granted to him in 1961-2. 
The many-sided discussions at Princeton and elsewhere in the U.S.A. contributed much to this 
and other publications by him. 

ZusammenfassunR-Die Absorptionsspektren von Losungen I5 ver- 
schiedener Substanzen in 4m KC1 wurden gemessen und die Konzen- 
tration der Verunreinigungen Wismut, Kupfer, Eisen, Blei, Nickel 
und Nitrat in diesen Salzen wurde nach den vorher (A. GLASNER und 
P. AVINUR, Tulanra, 1964, 11,761) angegebenen Methoden bestimmt. 
Paare von Substanzen verschiedenen Reinheitsgrads derselben Her- 
stellertirma werden verglichen und die Ergebnisse kritisch diskutiert. 
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Resume-Les spectres d’absorption de 15 produits differems en solution 
KCI 4M ont ete mesures. La concentration des impure&, bismuth, 
cuivre. fer, plomb. nickel et nitrate presents dans ces sels, a et6 deter- 
min6e. par la methode deja propos& par (A. GLASNER et P. AVINUR, 
To/mm. 1964. Il. 761). Un ensemble de 2 moduits de deux deer& 
de pun& differents venant du meme end&t a et6 compare. fiis- 
cussion critique des resultats. 
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THE DETERMINATJON OF MERCURY IN ROCKS 
RY NEUTRON-ACTIVATION ANALYSIS 

D. F. C. MORRIS and R. A. KILLICK 
Department of Chemistry, Brunel College, London W.3, England 

(Receiued I October 1963. Accepted I6 Jurruary 1964) 

Summary--A radioactivation method for the determination of the 
small concentrations of mercury which occur in rocks is described. 
The procedure involves assay of the radioactivity of l”‘Hg by use of a 
thin Nal(TI) crystal scintillator. The applicability of such a detector 
in neutron-activation analysis is discussed. 

THE determination of mercury in rocks poses major problems. An analytical method 
of high sensitivity is required, because the abundance of the element in an average 
igneous rock has been estimated’ to be 0.06 ppm. In addition, contamination of 
specimens for analysis is by no means unusual, for mercury has an appreciable vapour 
pressure at room temperature, and most chemical laboratories contain the metal. 
Moreover, a number of compounds of mercury are readily volatilised, and losses may 
occur during chemical processing. 

Neutron-activation analysis provides outstanding advantages for obviating these 
difficulties. The method gives adequate sensitivity, and the possibility of errors from 
contamination by traces of mercury after irradiation is eliminated. Furthermore, 
after exchange between activated mercury and inactive carrier has been achieved, any 
chemical purification need not be quantitative. There is the possibility of contamina- 

tion of rock samples before activation, but a feature of the radioactivation method is 
that samples require little pretreatment before irradiation. 

NEUTRON ACTIVATION OF MERCURY 

When mercury of natural isotopic composition is irradiated with neutrons of 
thermal energies. radiative capture reactions occur which give rise to radioisotopes of 
the element. Relevant nuclear data are presented in Table I. These nuclear reactions 
can be used for activation analysis of mercury.2-13 In the present work 65 h ls7Hg 
was counted. For an irradiation period of I week the use of ls7Hg can be shown to 
give a sensitivity 50 times better than that attainable with =Hg. In the present study 
chemical and counting operations were performed at a distance from the neutron 
source, and therefore the short-lived nuclides 10sn’Hg and $05Hg could not be used. 

The decay scheme of lg7”‘Hg and le7Hg is shown in Fig. 1. The electromagnetic 
radiations emitted by ls7Hg are 77 keV gamma rays (IC 8O”/,J, X-rays of 68 keV 
(average energy of two a satellites) and IO keV following electron capture, and, gamma 
rays of energy 191 keV. Detailed discussion of the decay of lg7Hg and its application 
to activation analysis of mercury has been given by Westermark and SjGstrand.6 

Irradiation 
EXPERIMENTAL 

About 0.8-g samples of rock were accurately weighed and sealed in cylindrical aluminium capsules 
of 6-mm diameter. Standards were prepared by weighing out O.I-ml aliquots of a dilute standard 

781 
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TABLE I.--NUCLEAR DATA FOR THERMAL NEUTRON ACTIVATION OF MERCURY 

Isotopic Product radionuclide 
activation on thermal 

Target Abundance, cross section, neutron 
nuclide % barns irradiation 

_.__-__-___ ---__------ ___- 

1WH 
g 0.146 420 WIIIH 

g 

880 

‘o*Hg IO.02 0.018 lWIllH 
g 

Z0ZH 
g 29.80 3.8 208H 

g 

201H 
g 6.85 0.43 ZWH 

g 

Radiation and 
energy, 

MeV Half-life 

IT (96.5 %) 
em y1 0.134 (31%) 
yp 0.165 (0.28 %) 
0.071 - Hg X ray 
EC (35 %) via 
7.2 s l”““Au 
e y,, 0.130 (7%) 

24 h 

y2 0.279 (74 %) 
)‘$ 0.407 (0.3 %) 

EC (100%) 
e ~10.0773 (23 %) 
Ye 0.191 (5%) 

0.068 - Au X ray 

65 h 

rl;;- 0.368, 42 m 

/? 0.21 (100%) 
‘J, cm 0.279 

47 d 

,!- 1.8; 
1’ 0.203 

5.5 m 

FIG. 1 .-Decay scheme of 18’mHg-‘“‘Hg: energies in MeV. 
[After NAS-NRC Data Sheets (Aug. 1962) A =- 197 (5-l-17)] 
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solution of mercurytr nitrate (50 mg of Hgllitre) into silica tubes of 4-mm internal diameter. The silica 
tubes were sealed with a burner, the lower parts being cooled to avoid any possibility of losses by 
evaporation. Containers of samples and standards were packed together with silica wool in a standard 
1 inch diam. x 3 inch long screw-top aluminium can, and sent to Haiwell for irradiation, Irradiationa 
were for 6 days in a nuclear reactor flux of 1.2 x lOr* thermal neutrons. cm-*. se&. 

Radiochemical separation 

Because of the complex nature of rocks, nondestructive analysis using scintillation spectrometry 
was impossible. On the other hand, a simple radiochemical procedure for separating mercury from 
other contaminants was easily developed. Experimental details are as follows: 

Step 1: Remove the irradiation capsules containing portions of rock from the can, open them, 
and transfer the samples to 60-ml 
carrier [IO mg of Hg/ml as mercury1 P 

latinum crucibles, each containing I ml of standard mercury 

bis(ethylenediamine) copper 
nitrate in l&f nitric acid; standardised gravime~i~lly through 

rr tetra-iodomercurate(II)]. Wash out the capsules with a little warm 
6M nitric acid and transfer the washings quantitatively to the crucibles (Note I). 

Step 2: To each sample add 10 ml of 40% hydrofluoric acid, cover the crucible loosely with the 
platinum lid, and digest on a steam-bath until the sample has completely dissolved. Add 3 ml of 9M 
perchloric acid and2 ml of 16M nitric acid, and heat the mixture till white fumes of perchloric acid 
begin to be given off, taking care to avoid spattering. Replace the cover loosely, and continue to heat 
for about 5 min at a temperature at which the perchloric acid fumes moderately but does not rapidly 
evaporate. Heat for 5-10 min longer and finally evaporate carefully almost to dryness (Note 2). 

Step 3: Transfer the residue with 10 ml of water to a %I-ml centrifuge tube. Add 5-6 drops of 
20 % tint’ chloride solution. Centrifuge and discard the supernate. Wash the precipitate of mercury’ 
chloride thoroughly with water and ethanol. Discard the supemates. 

Step 4: Slurry the mercuryr chloride with acetone and transfer to the bottom of a long cold-finger 
condenser packet (17 x 2 cm) using a long-tipped dropping pipette for the purpose. Evaporate the 
acetone with gentle heating. Cover the solid mercury1 chloride with powdered iron, and insert the 
cold tinger. Apply increasing heat from a microbumer, and maintain the flame for a few min to drive 
all the mercury on to the tip of the cold finger (Note 3). Allow to cool completely before removing 
the jacket and replacing it with another containing 6 drops of 12M hydrochloric acid and 4 drops 
of 16M nitric acid. Gently distil the acid on to the finger (water flow now shut off) until the grey 
film of mercury is dissolved. Cool again and dismantle, rinsing the cold finger thoroughly as it is 
withdrawn. 

Step 5: Transfer the acid solution from the outer iacket to a SO-ml centrifuge tube. Wash thor- 
oughly with water and add the washings to the conte&s of the centrifuge tube.- Make the resulting 
solution faintly ammoniacal and add 5 ml of 2% notassium iodide solution. Heat on a steam-bath and 
add, dropwise, a hot concentrated aqueous sdhiiion of bis(ethylenediamine) copperrr nitrate. Allow 
to cool to room temperature. Centrifuge, wash the precipitate several times with a solution containing 
O-2 g of KI and 0.2 g of [Cu en,J(NO,),~ZH,O in 200 ml of water, and then with ethanol. Slurry the 
precipitate with ethanol on to a weighed aluminium counting tray and dry under an infrared lamp. 
Cool and weigh to determine the chemical yield (usually - 80%). 

Treatment of irradiated mercury stdndards: At a suitable time open the silica irradiation tubes 
containing the mercury standards. Using a transfer pipette drawn out almost to a point. transfer the 
irradiated-mercury solution quantitativeiy to a JO-r&*volumetric flask. Make up’to the mark with 
3M nitric acid. Transfer a IO-ml aliquot to a 50-ml centrifuge tube containing 1 ml of standard 
mercury carrier. Precipitate [Cu enJ[HgI,l, mount, dry and weigh it as described in Step 5 of the 
procedure for rock samples. 

(1) Where pieces of rock, as opposed to powdered samples, are irradiated, remove surface COR- 

tamination by cleaning with warm tiMnitric acid. After attack of the cleaning solution has proceeded 
for l-5 min, remove the portion of rock and wash it thoroughly with water. 

(2) When an irradiated standard was put through Steps 1 and 2 of the radiochemical procedure, 
it was feund that no loss of radiomercury occurred before exchange with carrier had been achieved. 

(3) The vapour pressure of mercury at 400” is 2.07 atm. 

.&i&y determinarion 

The electromagnetic radiations from rS7H g in final precipitates from samples and standards were 
measured at constant geometry by scintillation spectrometry using counting techniques rather similar 
to those empkryed by Westermark and Sjiistrand .(I In the present work a thin (3 inch diam. x 0.25 
inch thick) NaI(T1) crystal with a beryllium window was used as a detector to reduce the effect of any 
highcnergy gamma radiation. The r”Hg spectrum was generally studied after 3 days from the end of 
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irradiation in the region O-150 keV. This region is lower than the Compton distribution resulting from 
any higher-energy gamma rays, and the background is relatively low and flat. With the present 
technique the 68-keV X-rays and 77-keV gamma rays could not be resolved. Typical spectra obtained 
are. shown in Fig. 2. and the activity of le7Hg was determined from the area under the composite 
peak. Background correction was made by extrapolation as indicated in the figure. This method of 
subtraction proved practical and reproducible, although a more refined method could posstbly be 
devised. A self-absorption correction curve, prepared in the conv#onal manner by precipitating 
different amounts of [Cu en~l[Hgl~l with fixed amounts of mercury, showed that with the range of 
weights of precipitates obtained from the radiochemicol procedure count rates could be compared 
directly. A total photopeak area of 100 cpm was considered to be the practical limit of detection. 

Decay curves indicated that only mercury activities were assayed (Fig. 3). 

(a) (b) 

50 100 150 50 100 150 
Energy, keV Energy. keV 

FIG. 2.-Spectra of final precipitates: 
A from a mercury standard, 
B from a rock sample, 

as detected by a 3 x 0.25-inch Nal(TI) crystal. 
(The bump at the low energy side of the photopeak results from K-escape in the crystal. 
fhc dotted lines represent suggested background. Spectra measured using a single- 

channel pulse-height analyzer.) 

DISCUSSION 

Results obtained from activation analyses of international standard rocks are 
summarised in Table 11, and give a general indication of the precision obtainable 
with this method. It is felt that these results must be accepted as maximum values for 
mercury in the standard rocks, because the samples were supplied in powder form by 
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the U.S. Geological Survey and could possibly have become slightly contaminated 
before irradiation.14 

Neutron self-shielding effects are unimportant in the application of the method 
to the analysis of an “average rock”.15-17 In the case of rocks or minerals enriched 
in elements which have high neutron absorption cross sections, e.g., lepidolite, special 
steps may need to be taken to avoid serious self-shielding differences between samples 
and standards. In such circumstances it is probably most desirable to irradiate two 

Tim. days 

FIG. 3.-Part of the decay curve of a final precipitate indicating the small contribution 
of radiation from eaaHg. 

(Time 0 is ~100 hr from the end of neutron irradiation). 

TABLE K-MERCURY CONTENTS OF 
POWDERED SAMPLES OF THE STAND- 
ARD GRANITE G 1 AND THE STANDARD 
DIABASE w 1 DETERMINED BY NEU- 

TRON-ACTIVATION ANALYSIS 

Gl Wl 

% PPm Hg, ppt” 

0.33 0.16 
0.34 0.18 
032 @I7 
0.36 0.17 
0.36 0.18 
0.33 0.17 

Average 0.34 Average 0.17 

similar quantities, a and b, of the sample, a very small known amount c of a suitable 
mercury compound having been mixed homogeneously with b to form the standard.‘* 

It seems appropriate to make some general observations on the utility in activation 
analysis of a NaI(T1) crystal 3 inch diam. x 0.25 inch thick fitted with a beryllium 
window OW8 inch thick. A thin crystal is of particular advantage when it is necessary 
to record low-energy quanta (15-100 keV) in the presence of high-energy quanta. 
An illustration of this is shown in Fig. 4, which refers to the K X-radiation of barium 
in the spectrum of 13’Cs. The spectra were obtained with crystals of 3-inch diameter 
under analogous conditions. 



786 D. F. C. MORRIS and R. A. KILLICK 

In the recording of spectra in the 33-150 keV range, for every photoelectric peak 
corresponding to energy E keV an additional “escape peak” appears corresponding 
to energy (E - 286) keV. This effect, caused by the escape of the characteristic K 
X-ray quanta of iodine from the surface layer of the front face of the crystal where 
the recording process mainly occurs, reduces the intensity of the main photopeak.1g120 
Generally, the main peak is reduced more the closer the recorded energy approaches 

L 

0 
I, I 

20 40 60 80 

Enmy, keV 

FIG. 4.-Photopeak from Ba K X-ray in the spectrum of 187Cs measured with crystals 
of 3-inch diameter: 

A. Spectrum obtained with NaI(T1) crystal 3 inch thick. 
B. Spectrum obtained with NaI(T1) crystal 0,25 inch thick 

the absorption edge of iodine (Kab = 33.6 keV), but the reduction also depends to 
some extent on the divergence of the incident beam of rays and increases as the 
measurement geometry deteriorates. 

GorskP has calculated the total photoelectric efficiency as well as the photo- 
electric efhciency recorded for the main photopeak without the escape peak for thin 
crystals. 

Values for estimating neutron-activation sensitivities for certain elements have 
been determined in our laboratory (Table 111). The neutron source was the reactor 
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TABLE III.-NE~ON-ACTIVATION SENSITIMTIES USING A FLUX OF 1.2 x 10" THERMAL 
NEWRONS.CM-'. SEC-' 

Element Activated 
form 

Half-life 

Gold ‘=Au 

Hafnium “‘Hf 
lWmHf 

*=Hf 

Iridium 

Iridium Vr 
lSrIr 

2.70 d 

70 d 
5.5 h 

42.5 d I 

50 d 
54 m 1 

744 d 
19 h I 

Mercury 1WlaH 
g 24 h 

““H 65 h 
WJJH 

sp 47 d I 

Palladium iO*Pd-ioSmAg 13.6 h 
Rhenium iseRe 3.7 d 

ls*Re 16.7 h I 

Ruthenium 07Ru 2.9 d 
1WRu-l’JlmRh 40 d 
‘05Ru_‘06mRh 4.4 h I 

Tantalum lsaTa 115 d 

Tungsten lSSW 73 d 
1WW 24.0 h I 

Counts per min per pg of element 
- 

- 

Thin crystal 
discriminated 
counting (with 

Geiger-Mtiller Thin crystal energy range, 
counting gross counting ke V) 

2.1 x 10s 3.7 x 106 

1.7 x lo” 1.0 x 105 

4.5 x loa 8.8 x l@ 

2.2 x 106 4.7 x 10s 

1.9 x IO’ 1.5 x 106 

1.0 x 1W 1.3 x 10’ 
2.0 x 106 4.4 x lad 

7.2 x 10’ 1.5 x 104 

7.0 x 10’ 2.0 x 10’ 

1.4 x 105 3.5 x 105 

3.28 x IO8 (21-110) 

5.6 x 10’ (21-110) 

2.7 x 10’ (12.5-39) 

3.1 x lo8 (45-89) 

1.3 x 10” (21-110) 

4.5 x 1W (12.5-39) 
9.1 x lo6 (37-82) 

9.5 x 103 (7-37) 

9.5 x 10’ (45-89) 

3.0 x 106 (21-110) 

BEPO at the Atomic Energy Research Establishment, Harwell, and samples were 
irradiated for 1 week or to saturation, whichever was shorter. Activities were meas- 
ured with the irradiated samples mounted on aluminium trays (3 cm diam. and 3 mm 
deep) and placed on standard shelf 1 of counting assemblages. A Geiger-Miller 
counter of the EHM 2/S type (window thickness l-7 mg/cm2) and a NaI(T1) crystal 
3 inch diam. x 0.25 inch thick with a 0408 inch thick beryllium window were used 
for measurement. The latter detector was mounted on a 9531B E.M.I. photomulti- 
plier tube. Discriminated scintillation count rates were determined using a single- 
channel pulse-height analyser. All count rates were normalised to 6 hr after the end 
of irradiation and 1 ,ug of target element. 

Acknowledgement-The authors wish to record their indebtedness to the United Kingdom Atomic 
Energy Authority for the loan of the thin NaI(TI) crystal used in the work. 

Zusamrnenfass~-Eine Radioaktivierungsmethode zur Bestimmung 
der kleinen in Gesteinen vorkommenden Quecksilberkonzentrationen 
wird beschrieben. Dabei wird die Radioaktivitlt von l@‘Hg mit Hilfe 
eines dtinnen NaJ(Tl)-Kristallszintillators gemessen. Die Anwendbar- 
keit eines solchen Detektors bei der Neutronenaktivierungsanalyse wird 
diskutiert. 
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R&sum&-On d&it une methode de dosage par radioactivation des 
petites concentrations de mercure que l’on trouve darts les roches. 
Le pro&de comprend l’essai de la radioactivitt de ‘@rHg par emploi 
d’un scintillateur a cristal mince de NaI(T1). On discute de l’applica- 
bilite dun tel detecteur il l’analyse par activation aux neutrons. 
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Sununary-The coulometric generation of base will proceed with 100% 
current efficiency in isopropanol and in some solvent mixtures con- 
taining isopropanol. The conditions for non-aqueous titration of weak 
acids have been investigated. The best results were obtained when the 
anode was separated from the teat solution by sintemd-glass discs; 
SO-100 pmole of acid were titrated with a standard deviation of less 
than 0.5 pmole. 

DEVELOPMENTS in coulometric analysis and coulometric titration have been reviewed.l*s 
The coulometric generation of base in non-aqueous solvents offers many advantages. 
The instability of many standard solutions, especially of dilute solutions, makes 
frequent standardisation necessary. Preparation, storage and handling are less 
convenient than for aqueous solutions. 

Carson and Ko3 described a method for base generation in isopropanol-water 
solutions, but were unable to carry out successful coulometric titrations in nonaqueous 
solutions. The main advantage of the coulometric generation of the base was that 
interference from carbon dioxide was reduced. 

Methods for the coulometric titration of bases have been the subject of more 
investigations than methods for the titration of acids. Streuli* titrated amines in 
acetonitrile + 0.3% water. Mather and AnsorW generated hydrogen ion in acetic 
acid-acetic anhydride by oxidation of a mercury electrode. The method developed by 
Mather and Anson is a completely non-aqueous titration. They have also studied the 
electrode reactions at platinum electrodes7 in acetic acid-acetic anhydride solutions. 

In this paper an investigation has been made of the conditions necessary for 
coulometric base generation, especially for the titration of small amounts of acid. 

Supporting electrolyte 
EXPERIMENTAL 

It has been shown8 that lithium methoxide behaves as a weak base in non-aqueous titrations. 
If it were not for this the good solubility of lithium salts in organic solvents would make it a natural 
choice as a supporting electrolyte. The best inorganic electrolyte is, in fact, sodium perchlorate. 
Tetra-n-butylammonium iodide has also been used in some titrations. Other quaternary ammonium 
salts have not been tried. Differences in the behaviour of these electrolytes in acetonitrile have been 
reported,@ but in the media used in this investigation no differences have been observed. 

Solvents 

The ideal solvent for non-aqueous coulometric titration should dissolve sufficient quantities of 
supporting electrolyte. The conductivity of the solution should be high, so that large currents can 
be passed through the solution. 

The substance formed in the cathodic reduction must be a suitable titrant for weak acids. Sodium 
alkoxides have been used extensively as titrants. These bases can easily be formed by reduction of 
the corresponding alcohol. Thus, the solvent must contain an alcohol. 

The possibility of the existence of extremely strong bases in non-aqueous acetonitrile’ would make 
this solvent suitable. There might be difficulties, however, because of the more severe reduction of 
the substance to be titrated. 

189 
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Solutions of supporting electrolyte containing methanol have higher conductivity than those con- 
taining isopropanol. The acidic properties of methanol may, however, limit its usefulness. For this 
reason isopropanol has been used as the most generally suitable solvent constituent. 

Apparatus 

Non-aqueous solvents have much lower conductivity than aqueous solutions. If constant-current 
coulometry is to be used, an electronically regulated constant-current source must be used for accu- 
rate results. 

An alternative method, which has been used by the present author, is to use an inexpensive current 
source and compute the time integral. The integrator employed a chopper-stabilised operational 
amplifier. It was similar to that described by Booman. lo Different ranges were obtained by changing 
the input resistor. The voltage was read by a bridge circuit. The integral could be read to 1 part in 

FIG. I.-Cell for coulometric titration with cathode and anode in the same solution. 

10,000; the accuracy is 3 parts in 10,000. The integrator was calibrated by connecting a known 
voltage to the input for a known time. No change in the calibration has been observed over a period 
of 6 months. 

The electrolysis current could be adjusted by a variable resistor in series with the cell. The current 
was reduced near the end-point of a titration. 

A Metrohm glass electrode, type EA 109U, and a Radiometer calomel electrode, type K 100, 
were used in the potentiometric measurements. The calomel electrode was connected to the non- 
aqueous solutions via a saturated solution of KC1 in alcohol. The tube containing this solution was 
separated from the titration vessel by a fine-porosity glass filter. 

Chronopotentiometric measurements were made with an arrangement similar to that described 
by Lingane.l 

Cells 

A titration cell for externally generated reagent, similar to that described by DeFord et al.” was 
tried. In this work it was found, however, that the electrode surfaces of the cell were too small for 
use in non-aqueous solvents. Bett et al.‘* have described a cell which seemed to be more suitable. 
When this cell was used in non-aqueous solvents it was found that the current efficiency was less than 
100%. The highest efficiency, about 90x, was obtained for the fastest flow rates. Obviously, the 
mobility of the ions is so high that the generated base and acid move into the central compartment 
and neutralise each other. 

The cell used when both electrodes were in the same solution consisted of a Metrohm titration 
vessel EA 615 (Fig. 1). All electrodes, nitrogen inlet, em., were inserted through the five ground 
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joints on the top. The bottom of the vessel could be removed for easy changing of solutions. The 
solution was stirred by a Teflon propeller. The motor was fitted into the ground joint at the top of 
the vessel. Fifty ml of solvent were used throughout. 

In most of the titrations a cell similar to that described by Smith and Taylor’” was used. Two 
titration vessels, EA 615, were sealed together by a glass tube into which three sintered-glass discs 
were fused (Fig. 2). The solutions in the compartments between the glass discs could be transferred 

Cathode Anode 

FIG. 2.-Ceil for coulometric titration with cathode and anode separated by 3 sintered- 
glass discs. 

into the cathode compartment or could be titrated separately. In this cell 120 ml of solvent were 
required. The cathode compartment then contained about 50 ml of solvent. 

The resistance between the electrodes was measured when the cells were filled with isopropanol- 
methyl ethyl ketone containing 4 g of NaCIO, per litre. The resistance of the cell in Fig. 1 was 1000 
ohms and the resistance of the cell in Fig. 2 was 5000 ohms. 

Reagents 

pro analysi quality solvents were. used throughout. 
the procedures recommended by Vogel. i4 

The last traces of water were removed by 
Sodium perchlorate was dried at 115”. The water content 

was checked by a Karl Fischer titration. It was less than 0.1%. 

RESULTS 

Current eficiency and electrode reactions 

The weak acid HA can be titrated by either of the following cathode reactions. 

2HA + 2e- -+ H, + 2A- (1) 

2i-PrOH + 2e- + 2i-PrO- + H, (2a) 

i-Pro- + HA + i-PrOH + A- (2b) 

In either case, 1 mole of hydrogen ion is consumed per faraday, and this is all that 
matters stoichiometrically. 

Coulometric titrations were performed to determine if base generation will proceed 
with 100’~ current efficiency in the absence of the acid HA. 

Non-aqueous solvents containing NaClO, were electrolysed in the cell shown in 
Fig. 2 using a silver anode and a platinum cathode. Sodium tetraphenylboron was 
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added to the anode solution. Oxygen was removed from the cathode solution by a 
nitrogen stream. The base generated in the cathode compartment was continuously 
titrated with non-aqueous perchloric acid in isopropanol, so that the solution was 
almost neutral all the time. When 10 ml of perchloric acid had been added, the 
solution between the glass filters was transferred to the cathode compartment. Base 
was then generated in small increments so that the end-point could be determined 
potentiometrically. The results are shown in Table I. 

TAXES I.--cOULOMETRIC TiTRATION OF PERCHLORIC ACID 

Solvent 
Acid, 
rmole 

Generated Standard Dev. from 
base, No. of deviation, calculated, 

pmole samples % % 

Isopropanol, 50% Methyl ethyl ketone, 50 165.1 164.9 5 0.4 --ol 

Isopropanol 260.2 258.7 3 0.8 -0.6 

Whiter5 has found that the current efficiency was only 96 %. The results presented 
in Table I show that the current efficiency is 100% within experimental error. (The 
titrations in Table IV also confirm this.) 

The stoichiometric generation of base does not prove conclusively that the electrode 
reaction is that of Equation (2a). In the mixed solvents the other constituents might 
take part in the electrode reactions. It was found, however, that the form and size 
of a potentiometric titration curve was the same for a coulometric titration as for a 
titration using sodium isopropoxide in isopropanol. The electrolysed solutions were 
analysed by gas chromatography and by ultraviolet spectrophotometry. It was not 
possible to detect any impurity which could be an indication of side reactions. 

End-point deter~i~tio~ 

It has been found* that the flow of current will interfere with the operation of the 
glass electrode. This has been verified in the present investigation. The interference 
was less if the glass electrode could be placed in a region where the voltage drop was 
very small. Ground loops may cause erroneous readings of the potential of the glass 
electrode. It was necessary to disconnect the coulometric apparatus completely when 
the potential measurements were made. 

Because of the convenience of indicator titrations, Thymol Blue was used in most 
of the end-point determinations. The indicator end-point was checked by potentio- 
metric titration. No interference from Thymol Blue on the coulometric reaction has 
been observed. 

Shain and Svoboda16 used consent-current potentiometry to indicate end-points 
in non-aqueous titrations. This technique was also tried in the present work, but it 
was found to be inferior to indicator titrations. In some cases no change at all 
could be observed. The reason for the failure of constant-current potentiometry may 
be, as Shain and Svoboda pointed out, that oxygen was removed from the solutions. 

Both electrodes in the same sorption 

Linganer pointed out that diaphragm cells are troublesome and that electrodes 
placed directly in the test solution are more convenient. A similar arrangement to 
that described by Lingane and Small’-’ was set up. Titrations were performed in 
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non-aqueous solution using a silver anode (20 cm2) and a platinum cathode (8 cma). 
The cell shown in Fig. 1 was used. Various concentrations of LiCl, NaCl, NaBr, 
and NaI, together with an inert salt, such as Na,SO, or Na&lO,, were tried as 
electrolytes. The solubility product for AgX is much smaller in the non-aqueous 
solvents than in water. In spite of this it was found that large quantities of silver 
were deposited on the cathode. Unexpectedly, the results were low in a few cases. 
Some results are shown in Table II. 

Table II.-C~~L~METRI~ TITRATION WITH PLATM,IM CATHODE AND SILVER ANODE 
IN THE SAME SOLUTION 

Substance Solvent Electrolyte 
Taken, No. of Found, Standard 
j4mole samples pmoles deviation 

Isopropanol SO % KBr 
Malonic acid 57.66 5 55.34 2.01 

Methyl ethyl ketone, 50% saturated 

Malonic acid Isopropanol KBr saturated 19.22 3 19.18 O-92 

Malonic acid 
1 

Isopropanol, 50 % KBr 
57.66 5 59-33 2.08 

Acetone, 50 % 1 saturated 

Isopropanol, 50 % NaBr 
Malonic acid 

( Methyl ethyl ketone, 50% ( 
57.66 6 58.34 4.98 

saturated 

Malonic acid 

( 

Isopropanol, 50 % 

( 

NaBr 96.10 2 9260 O-82 

Salicylic acid Methyl ethyl ketone, 50% saturated 36.06 10 37.23 1.82 

No silver was deposited on the cathode if sodium tetraphenylboron was used to 
precipitate the silver formed in the anode reaction. Typical results are shown in 
Table III. It was observed that a white-grey precipitate was formed at the anode. 

TABLE ~II.---cOULOMETRIC TITRATION WlTH PLATINUM CATHoDE AND SILVER ANODE IN THE 
SAME SOLUTION WITH SODZUM TETRAPHENYLBORATE PRESENT 

(Electrolyte: sodium perchlorate, 4 z per litre) 

substance 

Salicylic acid 

Salicylic acid 

Solvent 

Isopropanol50 % 

Methyl ethyl ketone 50% 

Isopropanol 

Taken, No. of Found, Standard 
jmole samples pmole deviation 

35.77 8 35.21 1.22 

35.77 3 33.14 1.91 

Salicylic acid 

Salicylic acid 

( 

Isopropanol, 99 % 

Water, 1% 

Methanol 

36.45 5 33.92 1.94 

3624 2 32.41 0.59 

Salicylic acid 
( 

Isopropanol. 50 % 
36.45 5 35.25 0.72 

Dioxan. 50% 

Isopropanol, 50 % 
Malonic acid 1 58.06 4 58.48 6.11 

Methyl ethyl ketone, 50 % 

Isopropanol, 50 % 
Malonic acid 246.78 1 229.37 - 

Methyl ethyl ketone, 50 % 
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Small deposits on the cathode were also observed. The results tend to be low, which 
indicates that side reactions probably occurred. 

Geskel@ has studied the electro-oxidation of tetraphenylboron ion at a platinum 
anode. His work gives some idea of the side reactions to be expected. It is evident 
that the inconvenience of separated electrode vessels has to be accepted in order to 
obtain accurate results. 

Separate anode and cathode compartments 

Coulometric titrations were performed in the vessel shown in Fig. 2. It was 
necessary to titrate the solution in the small left-hand compa~ment between the 
discs. This titration was performed with an auxiliary platinum cathode, the current 
of which was also measured by the integrator. It was found that migration into this 
compartment corresponded to at least 0.5 ‘A of the weak acid added. Typical titration 
results are shown in Table IV. 

TABLE IV.--COU~OMET~C TITRATION wrtx A PLATINUM CATHODE AND A SEPARATE ANODE 
COMPARTMENT. 

(Solvent: isopropanol, 50%, methylethylketone, 50%; 
electrolyte: sodium perchlorate, 4 g per litre.) 

Substance 

Salicylic acid 

5,_5Dimethyl- 
dihydroresorcinol 

Phenobarbital 
Phenobarbital 

Barbital 
Barbital 

m-Nitrobenzoic acid 

Taken, 
,ltt?I0k 

No. of Found, 
samptes ,wnoie 

Dev. from 
Standard calculated, 
deviation % 

7247 6 72.38 0.33 -0.12 

71.52 6 7142 0.50 -0.14 

8626 4 86.11 0.28 $0-17 
43.14 2 42.95 0.00 -0.45 

54.42 3 54.75 0.48 1061 
108.85 1 109-19 - +0.31 

100.41 2 100.34 0.35 -0.06 

The uncertainty in the results is of the same order as the uncertainty in the end- 
point. The values are distributed evenly about the value calculated from electrical 
units. 

In most of the titrations 4 g of NaClO, per litre were added; the current was 
then lo-25 mA. No influence from varying the amount of perchlorate has been 
observed. To prevent migration of hydrogen ions from the anode compartment, a 
silver anode was used, and sodium tetraphenylboron was added to the anode 
solution. 

Chronopotentiometric reduction 

If an acid undergoes reduction at the cathode, an error in the titration will follow. 
A reduction should cause high results because several faradays are generally required 
for the reduction of 1 mole of acid. 

A chronopotentiometric investigation of the compounds used was made, a 
chronopotentiogram being taken under the same conditions as those of the titration. 
It was found that the acids yielded concentration-dependent single waves. These 
waves are caused by the discharge of the hydrogen ions.l@ The sodium salts of the 
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acids gave no waves. There were no signs of reduction of the acids. The solvents 
exhibited no waves indicating side reactions. 

Organic nitro compounds can be analysed by reduction with controlled poten- 
tia1.20@ However, the hydrogen overvoltage is less on platinum than on mercury. 
Substances which are reduced at a mercury cathode may be titrated at a phtinum 
cathode. This is illustrated by m-nitrobenzoic acid, which gave two chronopotentio- 
metric waves in water but only one in isopropanol. Table IV shows that m-nitro- 
benzoic acid can be titrated successfully, and that therefore the method may even be 
used with some reducible compounds.“e 

DISCUSSION 
Coulometric titration in non-aqueous solvents is a very useful analytical tool, but 

it has several limitations. Reducible acids cannot be titrated with an internal 
generation technique (the reducibility can be tested by chronopotentiometry of the 
salts). 

In the present investi~tion only relatively small amounts of acids have been 
titrated. Larger amounts of acid would permit a more accurate end-point determi- 
nation. However, it has been observed that the accuracy decreases if the amount of 
acid is increased by an order of ten. If side reactions occur, their effect may be 
negligible at the concentrations employed in this investigation, but may cause an 
appreciable error at higher concentrations. 

This effect is especially pronounced for salicylic acid. In the titration of large 
amounts of this acid a deposit is formed at the cathode. The infrared spectrum of 
this deposit shows significant differences from the spectrum of sodium salicylate and 
salicylaldehyde. The deposit is slightly soluble in organic solvents but soluble in 
water; it behaves as a very strong base; its equivalent weight is 180. This indicates 
that a sodium salt is formed with the hydroxide group of salicylic acid (calculated 
equivalent weight 182). This compound is slightly soluble and removes base from the 
titration reaction. Salicylic acid could be titrated quantitativeiy using tetra-n- 
butylammonium hydroxide as an electrolyte. 

Most of the titrations hake been performed in alcohol-ketone solvents, Some 
titrations have been made in pyridine, acetonitrile and dimethylformamide with 25 “/, 
isopropanol added. The results indicate that these solvent combinations, too, may 
be used. 

In this pilot investigation the solvents were purified and dried. In some experi- 
ments unpurified solvents were used, and water was added. No significant differences 
were observed for most solvents except that the sharpness of the end-point decreased 
when the water content increased. Some batches of undistilled methyi ethyl ketone 
contained an impurity which yielded a chronopotentiometric wave. 

Acknowledgement-The author thanks K. J. Karrman for his advice and interest. This work was 
supported by grants from the Swedish Technical Research Council. 

Zusammenfassung-Die coulometrische Eneugung von Basen ver- 
lauft in Isopropanol und einigen isopropanolhaltigen Liisungsmittel- 
gemischen mit hundert-prozentiger Stromausbeute. Die Bedingungen 
fiir die Titration schwacher Siiuren in ~chtw~~~rn Medium wurden 
untersucht. Die besten Resultate wurden bei Trennung der Anode 
von der Probeliisung durch Sinterglasscheiben erhalten. SO-1OO~Mol 
Siiure wurden mit einer Standardabweichung von weniger ais 0.5 
~Mol titriert. 
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R&urn&La formation coulometrique de base a lieu avec une effica- 
cite de courant de 100% en isopropanol et dam quelques melanges de 
solvants contenant de l’isopropanol. On a etudie les conditions de 
titrage de-s acides faibles en milieu non aqueux. Les meilleurs r&sultats 
sont obtenus lorsque l’anode est s&par&e de la solution a doser par des 
diiques de verre fritte. On a dose Xl-100 pmole d’acide avec un &art 
type de moins de 0,s pmole. 
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Summary-A detailed study has been made of the electrolytic separa- 
tion of rhodium and iridium published by MacNevin and Tuthill in 
1949. By the use of carbon anodes the need to introduce hydroxyl- 
amine during the electrolysis is avoided. By the elimination of hydroxyl- 
amine a high residual current is avoided, and it is revealed that 
depositions of rhodium where the cathode potential is automatically 
controlled proceed with a periodically fluctuating current. The 
deposition of rhodium may be carried out in buffered solutions to avoid 
the onset of hydrogen evolution at the cathode; this takes precedence 
on occasion over rhodium plating and causes low recovery of rhodium. 
From buffered solutions with the pH raised to avoid hydrogen evo- 
lution the rhodium deposited appears to contain more oxide, and the 
separation of iridium is less effective than from solutions prepared by 
MacNevin’s procedure. A compromise is required between working 
with a more acidic electrolyte. from which, because of hydrogen 
evolution, the recovery of rhodium is incomplete, and working with a 
more alkaline buffered electrolyte from which the rhodium is deposited 
with a considerable oxide content (which can be reduced) and contami- 
nated more by iridium. It is doubtful if the electrolytic method of 
separation is as reliable as other procedures. 

INTRODUCTION 

MACNEVIN and Tuthilll have published a procedure for the electrolytic determination 
of rhodium and the separation of rhodium from iridium. We have studied this 
procedure at some length to test its reliability, to try to simplify or improve it, and to 
try to understand the mechanisms involved. 

The procedure of MacNevin and Tuthill is characterised by several unusual 
features : 

(i) The electrolytically deposited rhodium is dark and contains oxide. Before 
determination of the metal the whole electrode must be heated in an atmosphere of 
hydrogen to reduce this oxide. 

(ii) The current efficiency during the electrolysis is remarkably low. Considerable 
current flows throughout the duration of the electrolysis, and there is no indication by 
diminution of the current that the rhodium has all been removed from the solution. 

l Present address: Department of Chemistry, University of Waterloo, Waterloo, Ontario, 
Canada, to where correspondence should be sent. 

t Present address: Canadian Westinghouse Ltd., Hamilton, Ontario. 
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(iii) The potential of the cathode is maintained at a selected value relative to a 
saturated calomel electrode; during the 90 min prescribed for the analysis this 
potential is lowered from -0.25 V to -0.40 V in three stages. Iridium is not electro- 
lytically deposited from solutions of its chloride even when the cathode potential is as 
low as -l+lO V. Nevertheless, when rhodium and iridium are present together in 
solution and the electrodeposition of rhodium is carried out, the plated metal generally 
contains iridium. MacNevin and Tuthill found that special treatment of solutions 
containing rhodium and iridium (chlorination, addition of ammonium chloride to a 
molarity of 3.5) enabled rhodium to be deposited free from iridium. 

These observations have been confirmed repeatedly in our experiments, except 
that the separation of the two metals is not always assured by the prescribed pre- 
treatment of their chloride solution. We have also recorded a number of other 
observations which may shed some light on the mechanism of the deposition of 
rhodium and the almost unavoidable codeposition of iridium. 

The chemical reduction of rhodium salts in the presence of iridium salts has been 
achieved by titaniumt1r,2 vanadiumr1,3 chromium11,4 antimony5 and copper.6 For 
all but the last of these, rhodium and iridium are converted to sulphates or sulphate- 
complexes before the reducing agent is added. A thorough study of the selective 
reduction of chlororhodite by copper metal, and of the separation thereby of rhodium 
and iridium,6 shows that an analytically acceptable separation of these two metals is 
possible, although small and partially compensating amounts of rhodium remain in 
solution, and of iridium are deposited with the rhodium. 

The standard potentials for the reduction of the tervalent chloro-salts of these 
metals according to Latimer’ are: 

e + IrCl,2 -+ IrC18-3 E” = 1.017 V 

3e + IrCl,-3 + Ir + 6Cl- E” = 0.77 V 

3e + RhCl,” + Rh + 6Cl- E” = 0.44 V. 

Obviously, such thermodynamically derived standard potentials must be cautiously 
interpreted in relation to the actual deposition of these metals. However, if the above 
values are correct (they actually are based on estimates of entropies of the complex 
ions), the deposition of rhodium unaccompanied by iridium from a solution of the 
chloro-salts requires that the reduction of chloro-iridite be accompanied by a consider- 
able overpotential. Expressed in another way, the reduction of chlororhodite is 
kinetically favoured over that of chloro-iridite, in spite of the fact that reduction of the 
latter is thermodynamically more favourable. Obviously, one step in the reduction of 
these chloro-complex ions is the rupture of the M-Cl bonds. Evidence concerning 
the actual stability of these complexes is lacking, but one indication that chloride is 
more labile in chlororhodite than in chloro-iridite is the comparatively easy hydrolysis 
of the former and not of the latter, at room temperature. The conditions surrounding 
the electrodeposition of rhodium may catalyse that of iridium, because it is only when 
rhodium is present that any deposition of iridium occurs. In this connection it is 
noteworthy that induced reduction of iridium occurs during chemical precipitation of 
palladium metal. a Alternatively, the occurrence of iridium in the deposited rhodium 
may be associated with the mechanism of deposition of the .latter which leads to an 
appreciable content of oxide in the metal (often exceeding 30 atomic per cent). 
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EXPERIMENTAL 

The experiments described here were carried out at intervals over a period ofyears, as aconsequence 
of which the equipment used, and the solutions of rhodium and iridium were not the same at all 
times. 

Solutions of rhodium and iridium 

These were prepared either from very pure chloro-salts, or from spectrographically pure metal 
sponge. The metal content of the solutions prepared from salts was determined by gravimetric 
analysis; rhodium by precipitation with thiobarbituric acid,’ and iridium by precipitation as the 
hydrated dioxide.rO For the other solutions, weighed portions of metallic sponge were dissolved by 
the sealed-tube chlorination technique of Withers et al.,” and the resulting solutions made up to 
known volumes 

Electrolysis cell 

Platinum gauze cathodes of cylindrical form, 1 inch x 1 inch, with No. 18 gauge wire stems were 
used throughout. Platinum anodes consisted of a 05 inch x 1 inch helix of No. 18 gauge wire. These 
were secured in position in brass bushings threaded into l/8-inch Perspex sheet, the latter serving as 
cover-glass for the electrolytic beaker. Carbon anodes were prepared from graphite rod of the 
quality used to make spectrographic electrodes. The stationary anodes consisted of 3116~inch rod 
machined to l/l-inch at the upper end to fit into the brass bushing; the rotating anodes consisted of a 
&inch rod, machined to fit the chuck of the Fisher Electroanalyzer at the top end, and drilled trans- 
versely near the bottom end to take a l-inch length of l/8-inch graphite rod. When stationary 
electrodes were used, the electrolyte was stirred by a magnetic rotor in the solution. 

A probe electrode, consisting of a saturated calomel half-cell and a saturated potassium chloride- 
3 % agar bridge, was mounted by the electrolysis cell in such a position as to allow the tip of the salt 
bridge in the electrolytic solution to rest against the outer surface of the cathode. 

Regulated d.c. supply 

Power to the electrolysis cell was delivered to operate with controlled cathode potential from one 
of three sources: 

(a) a manually operated supply, consisting of two parallel Cenco wire-wound rheostats in series 
with a multi-range ammeter and the cell, connected to the 110-V laboratory d.c. supply. The rheo- 
stats permitted fine and warse adjustment of plating current, which was adjusted throughout the 
electrolysis as necessary to maintain the cathode at a selected potential relative to the probe elec- 
trode. 

(b) an all-electronic potentiostat of the design proposed by Greenough et aLIe Indication of the 
cathode potential by means of the microammeter incorporated in this unit was unsatisfactory, and 
accordingly this meter was removed from the circuit. All settings of this controller were based on the 
observed cathode potential given by an auxiliary valve voltmeter. 

(c) a Fisher Electroanalyzer used in later electrolyses. 

Valve voltmeter 

An a.c. line-operated meter of a bridge type, very similar in design to that incorporated in the 
potentiostat of Diehl et al.,‘$ was used to observe the cathode-to-probe potential difference. The 
full-scale reading was set, and from time to time checked, against the output of a student potenti- 
ometer which in turn was calibrated against a Weston standard cell. 

A glass vessel with surrounding heating jacket, patterned after the description of MacNevin and 
Tuthill, but smaller because of the smaller cathodes (l%nch tubing, 45/50 joint), was built to permit 
reduction of the deposit by hydrogen gas. 

All electrolyses were. carried out, unless otherwise noted, with the electrolyte solution at room 
temperature. The cathode was weighed on a semi-micro analytical balance before each deposition, 
and afterwards, following reduction in hydrogen. It was observed latterly that the reduction of oxide 
in the deposited metal was, doubtless because. of the catalytic action of the rhodium, complete in less 
than 5 min in the warm chamber. By accelerating the heating and cooling of the electric heating 
jacket and taking advantage of this rapid reduction of the oxide, the time for reducing the electrode 
before its final weighing was shortened to about 40 min. 
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Hydrogen evolution* 
DISCUSSION OF RESULTS 

During electrolysis of rhodium solutions, with or without iridium added, and 
following the directions of MacNevin and Tuthill, hydrogen was evolved at the 
cathode in many cases, especially after the greater part of the rhodium had been 
deposited. When this occurred, a small amount of rhodium was often, though not 
invariably, left in solution, even if the electrolysis was prolonged to 2 hr. It appeared 
that the evolution of hydrogen took precedence over the plating of rhodium. 

The addition of more hydroxylammonium chloride usually checked this cathodic 
gassing. The presence of hydroxylamine in solution was found to be responsible for 
the high “residual” current often amounting to 1 or 2 A (see below). This was assumed 
to involve oxidation and reduction of the hydroxylamine as follows: 

CATHODE 2e + NH,OH+ + 2H+ + NH,+ + H,O 

ANODE 2NH,OH+ ---f NzO + H,O + 6H+ + 4e 

OR NH,OH+ + 2H,O + NO,- + 8H+ + 6e 

OR NH,OH+ + H,O -+ HNO, + 5H+ +- 4e. 

Because by any of the anodic processes more hydrogen ions are produced per 
coulomb, the effect of prolonged discharge of hydroxylamine is to increase the 
hydrogen ion concentration of the solution. This was confirmed in one experiment by 
a decrease in pH of the electrolyte following a period of this passage of current. 
The onset of hydrogen evolution in the later stages of electrolysis probably results from 
this increased hydrogen ion concentration. 

The readiness with which hydrogen is evolved at a platinum electrode is regulated in 
part by the hydrogen overpotential; this is commonly known to depend on the state of 
the surface of the platinum. We have found that the longer our cathodes were in 
service, the more readily hydrogen came to be evolved at them during the deposition 
of rhodium. We have attributed this to a roughening of the surface of the platinum 
resulting from the repeated removal of rhodium deposits in molten potassium pyro- 
sulphate. After each such treatment the surface of the electrode became less lustrous 
and although the dark-looking surfaces could be cleaned and rendered brighter by 
rubbing them through the fingers with a fine-grade household scouring powder, the 
electrodes steadily lost weight after each immersion in pyrosulphate. Some platinum 
is obviously removed by each cleaning of the electrodes, and we judge that this attack 
of the platinum has been facilitated by a certain amount of mutual dissolution of 
platinum and rhodium during the repeated heating and cooling of the electrode 
necessitated by the reduction of oxide in the deposited rhodium. 

MacNevin and Tuthill do not state that hydrogen was evolved during the deposi- 
tion of rhodium, but do attribute the presence of oxide in the deposit to the “rapid 
discharge of hydrogen ion at the cathode, which increases the pH of the adjacent 
solution and causes hydrolytic precipitation of the rhodium”. The validity of this 
supposition is questionable for two reasons. In the first place, we have carried out 
electrodepositions of rhodium from buffered solutions (see below) with no hydrogen 

* Some electrolyses were tried from sulphate solutions, but complete recovery of rhodium was 
never obtained and in some cases there was no recovery because of cathodic evolution of hydrogen. 
Although RudorP plated from sulphate solutions and some commercial rhodium plating solutions 
are based on sulphates, the authors did not find this medium satisfactory for semi-micro work. 
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evolution whatever, and we have found in these cases that the proportion of oxide in 
the plate is as high or higher than in the case of depositions where hydrogen was 
evolved. Secondly, the supposed local increase in pH in the solution adjacent to the 
cathode would be very likely to cause hydrolytic precipitation of iridium along with 
rhodium. The pH at which precipitation of rhodium and iridium as hydrous oxides 
occurs from solutions of their chlorides is as follows: 

Rhodiumiri 6-4 (GilchrisP) 

4 (this investi~~on) 

5-5.5 (Gilchrist; this investigation) 

The values given above for iridium were determined from the point of inflection of the 
titration curve observed when iridium chloride solutions were titrated with sodium 
hydroxide. The pH was measured with a glass electrode, and the solution maintained 
at 95” by an immersed glass coil through which steam was passed. The value for 
iridium(““) was measured after addition of just enough hydroxylamine to decolourise 
the iridium(*“) chloride. The values were not appreciably altered by the presence of a 
high concentration (3M) of sodium chloride. 

Variation in eiecfro~y~ic procedure 

Concerning the preliminary treatment of the solution advocated by MacNevin and 
Tuthill to inhibit the deposition of iridium during electrolysis, these authors state that 
“the temporary precipitation prior to electrolysis of much of the iridium as ammonium 
chloroiridate tends to minimise the co-deposition. . . . . . As the electrolysis proceeds, 
the ammonium ~hloroiridate sIowly dissolves, evidently because of the el~roI~ic 
reduction of IrClS2- ion to IrClba-.” Although our experiments do not conclusively 
prove what the function of the high concentration of ammonium chloride is, it is 
certain that precipitation of ammonium chloro-iridate plays no part in inhibiting the 
deposition of iridium. In all cases, when hydroxylammonium chloride was added as 
specified, the precipitate of ammonium chloro-iridate dissolved and the dark colour of 
the chloro-irate ion was discharged because of reduction to c~or~i~dite, and this 
happened before eiectrot’ysh. Moreover, as the results of Table I show, results of 
comparable validity were obtained when sodium chloride was present at the same 
molarity as ammonium chloride; from this solution no precipitation of iridium 
occurred. 

These el~trod~ositions, the results. of which are summa&d in Table I, were 
performed in the manner described by MacNevin and Tuthill, with stepwise decrease 
in the cathode potential and the addition of more hydroxylammonium chloride 
part way through the electrolysis. The difference in our experiments was that, except 
as noted, the electrolyses were stopped when profuse gassing began at the cathode, and 
this generally resulted in shortening the duration of the electrolyses from the 90 min 
recommended by these authors. Among 37 electrolyses carried out in this manner, 21 
gave recoveries of rhodium that were low by 2 % or greater. However, when hydrogen 
gas was allowed to form copiously at the cathode some iridium deposited with the 
rhodium. 
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TABLE L-SEPARATION OF RHODIUM AND IRIDIUM: VARIATIONS ON PROCEDURE OF MAcNfvtN AND 

TUTHILL’ 

Composition of qhodium Iridium Cathodic 
electrolyte taken, mg taken, mg deposit, mg Remarks 

35M NH&l 
chlorinated 

- 

3.5M NH&l 

not chlorinated 

10.20 
10.20 
10.20 
5.03 
5.03 

IO.07 
10.07 

10.20 
10.20 
5.03 
5.03 

10.07 
15.10 
15.10 

5.0 10.16 75 min 
5.0 10.07 75 min 
5.0 lo,98 Cathodic gassing 15 min 
nil 4.88 No gassing allowed 

20.0 4.75 No gassing allowed 
nil 10.05 No gassing allowed 

20.0 lo.03 No gassing allowed 
~--~---~-_____ ----__ 

5.0 10.22 No gassing allowed 
5.0 10.42 min 
nil 

Cathodic gassing 15 
4.80 

lo.0 
10.0 
20.0 
nil 

5.34 
10.10 
15.06 
1473 

No gassing allowed 
No gassing allowed 
No gassing allowed 
No gassing allowed 
No gassing allowed 

3.5M NaCl 

10.20 5.0 10.18 No gassing allowed 
10.20 5.0 1013 No gassing allowed 
10.20 5.0 1034 Cathodic gassing 15 min 
5.03 nil 450 No gassing allowed 
5.03 10.0 5.07 No gassing allowed 
5.03 l@O 4.93 No gassing allowed 

10.07 20.0 10.02 No gassing allowed 
15.10 nil 14.58 No gassing allowed 
15.10 20.0 1446 No gassing allowed 

Action of hydroxyIamine 

The relatively high extraneous current accompanying the deposition of rhodium 
was identified with a process involving hydroxylamine through observations such as 
the following. With a brand new platinum cathode in the electrolysis vessel and a 
solution containing hydroxylammonium chloride but no rhodium, no current flowed 
until the cathode potential was lowered below -0.5 V (S.C.E.), when some hydrogen 
evolution began at the cathode. Without stopping the electrolysis, several drops of a 
rhodium chloride solution (ca. 0.5 mg of rhodium) were added to the solution; and 
after a few min the current rose to 150 mA at a cathode potential of -0.3 V, and 
remained at this value for some time. A second solution containing a few drops of 
rhodium chloride solution was placed into the cell, equipped now with a used rhodium- 
plated platinum cathode, and again no appreciable current flowed until hydrogen 
evolution began at a cathode potential below -0.5 V. Several small crystals of 
hydroxylammonium chloride were then added, whereupon almost immediately a 
current of 1.5 A flowed at a potential of -0.3 V. It was concluded that some process 
involving hydroxylamine was occurring at one or both electrodes, and presumably 
both because little gassing was observed, and that this was catalysed by the presence of 
rhodium in the solution or on the cathode surface, or both. 

The presence of too high a concentration of hydroxylamine at the beginning of an 
electrolysis caused incomplete recovery of rhodium. This is shown by the data of 
Table II, and confirms the necessity of adding the hydroxylamine in small portions as 
the electrolysis continues. These results suggest that a complex salt had formed, 
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be stopped by the addition of a few drops of dilute aqueous ammonia to the solution 
in the cell; it was inferred that the onset of hydrogen evolution at the cathode was the 
consequence of a gradual increase in acidity of the solution resulting from discharge of 
oxygen at the anode. The results shown in Table III were obtained with a carbon 
anode in solutions 3.5M in ammonium chloride also containing 1% w/v of ammonium 
sulphate. The last 4 experiments were carried out in such a way as to avoid hydrogen 
evolution at the cathode by the dropwise addition of dilute aqueous ammonia at the 
first sign of cathodic gassing. 

Electrolyses from buflered solutions 

The suppression of cathodic hydrogen evolution by the addition, as necessary, of 
aqueous ammonia to the solution in the cell, as described in the preceding paragraph, 

TABLE IV.-DEPOSITIONOFRHODILJM FROMBUFFERED SOLUTIONS 

Rhodium 
taken, mg 

Iridium 
added, mg 

rathodic 
deptisit, rng 

Duration of 
electrolysis, min 

lO+I 
9.95 
9.95 

10.02 
9.958 
9.958 

1002. 
10.028 
9.95 
9.95 
9.95 
9.95 
9.95 

nil 
nil 
nil 
nil 
nil 
nil 
nil 
nil 

4.53 
453 
4.53 
453 
4.53 

10.02 

9.95 
IO+4 

9.98 

10.02 
IO.02 
10.12 
9.81 

10.89 
10.19 
10.47 
10.52 
IO.52 

90 
90 

90 

90 

75 

75 
90 
90 
60 
60 
60 
75 
90 

* In these 4 determinations the sample was heated for 15 min in NH&l 
solutions, the molarities of which were, respectively, 3.5,3.5,5.0 and 1.0, 
to ensure conversion to the rosecoloured RhC1,8- ion. The other 
samples were prepared from a brown, partially hydrolysed stock solution. 

encouraged the hope that satisfactory depositions of rhodium might be accomplished 
if the solution were buffered against change in pH. Such electrolytic depositions were 
carried out by the procedure described in detail below. No gas was seen to be evolved 
at either electrode. The absence of any cathodic gassing did not diminish the pro- 
portion of oxide in the deposited rhodium. The absence of anodic gassing suggested 
that acetate from the buffer acted as a depolariser for the evolution of oxygen or 
chlorine. 

In the absence of extraneous processes occurring at the electrodes, the deposition 
of rhodium took place at a current efficiency of nearly 100%. Moreover, apart from 
the periodicity of the plating current which is discussed in a later section, the course of 
the electrolysis followed more normally the behaviour described by Lingane’h for 
“controlled cathode” depositions. Thus, the current in most cases began at 300 to 400 
mA and declined more or less exponentially to 3 or 4 mA at the end of deposition of 
the metal. 

The recoveries of rhodium were quantitative in many determinations, but when 
iridium was also present in the solution some of the latter metal was invariably 
included in the electrolytic deposit. Some representative results are given in Table IV. 
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completely or in part, from rhodium and hydroxylamine, and that from it rhodium 
could not be quantitatively deposited. Amounts of rhodium not accounted for in the 

TABLE IL-EFFECT OF HYDROXYLAMINE ON DEPOSITION OF RHODIUM 

Composition of electrolyte 

0.15M HONHz, 3.5M NH&l 
04OM HONHS, 3.5M NH&I 
0.40M HONH*, 3.5M NH&I 
0.40M HONH,, 3.5M NH&I 

l.OM HONH, 

Rhodium 
taken, mg 

5.03 
5.03 
5.03 
5.03 
5.03 

Rhodium 
recovered, mg 

5.02 
4.66 
4.71 
3.668 
4.19 

B The electrolyte, containing hydroxylammonium chloride, was 
allowed to stand overnight before deposition of rhodium. This 
solution,as well as the last, was yellow instead of the usual rose or brown. 

cathode deposit were found in the plating solutions when these were tested colori- 
metrically after destruction of hydroxylamine. Electrodeposition of rhodium did not 
occur at all in an analogous experiment from the yellow-coloured solution of the 
complex formed in 0.5M thiocyanate solution; when the cathode potential was 
taken below -0.5 V, hydrogen was evolved but no metal was found on the cathode. 

Electrolyses with carbon anodes 

When electrolyses were carried out with no hydroxylamine in the solution, the 
gain in weight of the cathode exceeded the weight of the rhodium taken; this was 
traced to a corresponding loss in weight of the anode. Platinum is appreciably 
corroded when operating as an anode in 3*5M chloride solution. By substituting a 
very pure carbon spectrographic electrode as anode we were able to carry out rhodium 

TABLEIII.-DEPOSITIONOFRHODIUMWITHANODESOFCARBONROD 

Rhodium Iridium Cathodic Duration of 
taken, mg taken, mg deposit, mg electrolysis, min 

5.03 - 5.13, 5.20 60 
10.20 - 1016 60 
10.07 - 9.96, 9.97 60 
10.07 - 10.09 90 
15.10 - 14.88, 14.90 60 
15.10 - 15.08 120 
5.03 10.0 5.30, 5.11 60 

20.14 20.0 20.17 120 
10.07 200 10.28 90 
10.07 200 10.25 90 
5.03 20.0 494 50 

depositions in the absence of hydroxylamine. The carbon rods could be used again and 
again provided they were allowed to soak in distilled water for some time to leach out 
the iridium salt, which appeared to concentrate in the porous anode during the 
electrolysis of solutions containing this metal. 

During the early stages of these electrolyses there was considerable gassing at the 
anode but no significant amount at the cathode. After about 1 hr profuse gassing 
began at the cathode. By continuing the electrolyses with this hydrogen evolution, 
all or most of the rhodium was recovered on the cathode. The cathodic gassing could 
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Although codeposition of iridium had been noticed especially in cases where profuse 
cathodic gassing occurred, and was accordingly thought to be the result of localised 
increases in pH in the vicinity of the cathode, its occurrence in these experiments 
where no gas was evolved proves that the suspected mechanism cannot alone account 
for the presence of this metal amidst the deposited rhodium. 

Because the course of the electrolysis could be followed by observing the current 
flowing through the cell, and therefore a satisfactory indication of complete deposition 
of rhodium observed, we have adopted this way of carrying out quantit.&ive deposi- 
tions of this metal. The following directions apply to chlororhodite solutions in the 
absence of other metals. 

Recommended analytical electrodeposition of rhodium 

Before electrolysis the rhodium should be dissolved as chloride in 100 ml of 3..5M ammonium 
chloride solution to which are added 5 ml of a concentrated buffer solution (3M acetic acid, 1M 
sodium acetate) and 1 g of ammonium sulphate. Electrolyse with a previously reduced and weighed 
platinum gauze cathode and an anode fabricated from spectrographic carbon, and maintain the 
cathode potential at -040 V IIS. S.C.E. Continue the electrolysis until the current falls to zero, or to 
a steady small residual current (3 or 4 mA); this usually requires from 1.5 to 2 hr. Remove the 
cathode without interrupting the current, wash well with distilled water, dry in an oven at lOO’, 
reduce in a hydrogen athosFhere, cool and weigh. 

The oH in the buffered electrolyte is about 4. To test for completeness of deposition, evaporate 
the residual solution on the steak bath with concentrated nitric acid to destrby the ammbnium 
chloride, take up the residue with hydrochloric acid and test for rhodium with tin” chloride. 

Fluctuations in plating current 

It quickly becomes apparent that, when the potential of the cathode was controlled 
by an instrument, the deposition of rhodium from buffered solutions, especially after 
the first 30 min, took place in such a way as to cause a periodically fluctuating current. 
This phenomenon was not observed when cathode potential was maintained manually. 

The electronic controller produced rather violent fluctuations. In a typical case, 
the current passed in pulsating bursts, suddenly reaching a maximum of 1A and 
falling more gradually to zero. This “saw-tooth” current was investigated as follows. 
With a 3*5M solutjon of sodium chloride in the cell .the cathode potential was set to 
control at -0.45 V (S.C.E.). The cathode had been freshly stripped of rhodium by 
repeated immersion in molten potassium pyrosulphate, and washing in warm water. 
Only a very small current flowed through the cell when the e.m.f. was applied. On the 
addition of a small amount of chlororhodite solution (ca. 1 mg of rhodium), thecurrent 
increased but did not oscillate. When 1 ml of an acetate buffer was added, a “saw- 
tooth” current was observed immediately. After 20 min of this the electrodes were 
removed from the cell, washed thoroughly, placed into a fresh 3*5M sodium chloride 
solution, and connected to the power supply without changing the settings of the 
latter. Current again flowed in the same intermittent fashion. In another similar 
experiment the same observations were induced by the addition of a phosphate buffer 
of the same pH. If no buffer was added, the onset of oscillations was delayed until 
after current had flowed for some min, and was in some cases obscured by the relatively 
greater current from hydrogen evolution. 

The mechanical controller also produced a “saw-tooth” current, but of a somewhat 
different character. The “saw-tooth” effect was usually delayed until about half-way 
through the duration of the electrolysis; the rise and fall of current was much slower 
than that observed with the electronic controller. This slower response to whatever 
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caused the fluctuation was undoubtedly caused by the inertia of the mechanical 
control system as compared with the all-electronic circuit of the former instrument. 
In the cycle of rise and fall of current the ammeter on the instrument recorded a slow 
rise to about 60 mA, followed by a slow decrease to a very small current of polarity 
reversed to the plating current; the latter was maintained for several set, then the 
cycle was repeated. When this instrument was manually operated to hold a steady 
cathode potential no such variations in current were observed. 

The fluctuations in current observed during the deposition of rhodium must be 
connected in some way with the nature of the rhodium deposit. It was observed with 
two different buffers in the electrolyte, and even in the absence of buffer; the fact that 
it had not been recorded for depositions when hydroxylamine was present is undoubt- 
edly caused by the high residual current observed when this substance is present. 
An hypothesis that seems consistent with our observations, but which we were unable 
to prove, is that the cathode becomes slightly polarised as the result of the deposition 
on it of a sparingly conducting layer of oxide. This polarisation causes the controlling 
device to reduce the applied voltage, and the current drops. Now, while a decrease in 
current density would have the effect of diminishing concentration polarisation, and 
so would ultimately lead to restoration of the applied voltage to nearly its original 
value, this compensation would not be expected to ‘occur when the polarisation is the 
result of a film on the surface of the metal; so once the current starts to drop in this 
case it will fall to zero. When the current has stopped we presume the oxide slowly 
dissolves from the electrode by chemical action until the plating can resume. This 
dissolution does not necessarily remove all of the oxide, so that a pure deposit is not 

TABLE V.-EFFECIS OF CONDITIONS ON OVERWEIGHT IN RHODIUM DEPOSITION 
(rhodium taken: 20-00 mg) 

Rhodium 
recovered, mg 

Overweight, 

V 

Temperature, 
“C Remarks 

18.56 
18.89 
18.69 
20.02 
19.95 
19.70 
19.20 
19.37 

13.11 0.63 60 

5.76 1.98 60’ 

20.57 0.97 Room 
20.18 0.95 60” 
20.15 0.20 60” 
20.06 0.28 60” 
19.95 044 Room 

19.78 0.72 Room 

20.02 0.82 60” 

19.59 0.54 60 

1.20 
1.60 
0.56 
1.80 
1.28 
0.74 
0.99 
0.80 

Room (22”) 
Room 

60 
Room 
Room 

60 
60 
60” 

Acetate buffer, no NH,Cl 
Acetate buffer, no NHiCl 
Acetate buffer. no NH&Cl 
Acetate buffer; 3.5M NH&l 
Acetate buffer, 3.5M NH,Cl 
Acetate buffer, 35M NH&l 
Acetate buffer, 3.5M NH,CI 
Acetate buffer, 3.5M NH&I, 

manual control 
Acetate buffer, 35M NH&l, 

plating for 10 min 
Acetate buffer, 3.5M NH&I, 

gelatin added 
KH$O,, 3-5M NH,CI 
KH,PO,, 3.5M NH&l 
No buffer, 3.5M NH&I 
No buffer, 3.5M NH,Cl 
Acetate buffer, 35M NH,Cl, 

hydroxylamine 
Acetate buffer, 3.5M NH,Cl, 

hydroxylamine 
Acetate buffer, 3.5M NH,CI, 

hydrazine 
Acetate buffer, 3.5M NH.Cl, 

hydrazine 
_ 
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obtained. This hypothesis is consistent with the observation that, in general, the 
depositions carried out in buffered solutions exhibited the “saw-tooth” fluctuations in 
current earlier and more consistently than those in unbuffered solutions, while the 
oxide content of deposits formed from buffered solutions was on the average greater 
than that from unbuffered solutions (see the following section and the data of Table V). 

Contamination of the deposit of oxide 

Electrolyses were carried out with solutions containing a fixed weight of rhodium 
and other constituents varied as recorded in Table V. The electrode was cleaned, 
dried and weighed after each deposition; it was then reduced in hydrogen and 
reweighed. The difference in the two weights (which we call overweight) was taken to 
be oxide. In a few cases the electrode was also heated after the first weighing without 

TABLE W.-DEPOSITIONS OF RHODIUM WITH IRIDIUM PRESENT 
(rhodium taken: 2000 mg; iridium taken: 14 mg) 

Rhodium 
recovered, mg Overweight, mg Temperature, “C Remarks 

2015 0.62 Room 
20.51 0.15 60” 
20.61 0.42 Room 
21.39 0.40 60” 
21.68 0.43 60” 
19.92 0.36 Room 
21.70 0.41 60” 
19.89 0.34 Room 

Acetate buffer 
No buffer 

Acetate buffer 
No buffer’ 

Acetate buffer 
KH2P04 
KH,PO, 
KH,PO, 

8 pH maintained cu. 3 by addition of aqueous ammonia. 

introducing any hydrogen in the small furnace, then cooled and weighed, at most 
only a very small loss in weight was observed in these cases, so that the overweight is 
apparently only removed by reduction. 

The results are recorded in Table V, from which the effect of the variables investi- 
gated can be seen. In general, the overweight is lower in deposits from heated solutions 
than from solutions at room temperature. Deposits from buffered solutions show in 
nearly every case a greater overweight than those from unbuffered solutions.* In 
view of the greater tendency to hydrogen evolution observed with unbuffered solutions, 
it is unlikely that the presence of oxide in the deposit can be attributed to hydrolytic 
precipitation resulting from localised production of alkali in the vicinity of the 
cathode (cf. molybdenum16). From the data of Table VI it may be noted that the 
overweight increases with, but not in direct proportion to the weight of rhodium 
deposited; the average overweights for lo,20 and 30 mg of rhodium were, respectively, 
0.82, l-18 and l-57 mg, Two electrolyses were performed with hydroxylamine added, 
following the directions of MacNevin and Tuthill, and two others in the presence of 
0*05h4 hydrazine. These all proceeded with a high residual current, and the former 
two with considerable cathodic gassing; the overweight in these cases was somewhat 
lower than the average for this weight o&rhodium. 

To test if there was a connection between the presence of oxide in the deposit and 
the fluctuating current during the later stages of the deposition, we stopped one 
electrolysis after a few min and determined the amount of overweight in the portion of 

* See also the data of MacNevin and Tuthill, reference 1, Table I, p. 1054. 
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the rhodium on the cathode. From the result it must be concluded that a substantial 
fraction of the overweight is laid down during the early stages of the deposition 
before the “saw-tooth’: current becomes evident. 

Further depositions of rhodium in the presence of iridium 

Similar electrodepositions of rhodium were carried out with known amounts of 
iridium in the solutions. The results, which are summarised in Table VI, show that 
no connection can be traced between the amount of overweight and the codeposition 
of iridium. In most cases the increase in weight of the cathode was somewhat greater 
than the weight of rhodium taken, presumably because of the presence of iridium. 

TABLE VII.-DEPOSITIONS OF RHODIUM IN WHICH PART OF THEIRIDIUM WAS REMOVED AS 

QQ-LMrC& 

Iridium 
taken, mg 

Rhodium 
taken, mg 

Weight of 
deposit, mg 

Overweight, 

n?,s” Remarks or conditions 

14.0 
14.0 
14.0 
20.0 
20.0 
10.0 
300 
10.0 
30.0 20.00 
10.0 30.00 
30.0 30.00 

8.5 10.00 
8.5 10.00 
8.5 1000 
8.5 low 

25.5 10.00 
25.5 10.00 
17.0 20.00 
17.0 20.00 
25.5 20+)0 
25.5 2oTrO 

2oxtO 
20.00 
20.00 
20.00 
20.00 
10.00 
10.00 
2oTIO 

19.82 
19.87 
20.23 
19.63 
19.67 

9.99 
10.05 
20.26 
20.15 
29.73 
30.14 

9.87 
10.00 

9.87 
9.93 
9.93 

10.26 
20.14 
20.34 
20.17 
19.65 

0.91 
0.59 
0.64 
1.10 
1.10 
1.10 
0.79 
1.39 
1.00 
1.63 
1.46 
0.81 
0.86 
0.75 
0.73 
0.75 
0.78 
0.87 
1.33 
1.35 
1.17 

22”, KHIPOI buffer 
22’, KHIPOl buffer 
60”, KH,PO, buffer 
22”, acetate buffer 
22’, acetate buffer 
22”, acetate buffer 
22’, acetate buffer 
22”, acetate buffer 
22’, acetate buffer 
22”, acetate buffer 
22”. acetate buffer 
Ir recovery: 7.5 mg 

7.5 
8.8 
8.5 

25.5 
25.5 
16.6 
16.4 
28.0 
24.3 

In these solutions, containing a high concentration of ammonium chloride, a 
black precipitate of ammonium chloro-iridate is formed. A few experiments were 
carried out in which this precipitate was removed by filtration before electrodeposition 
of the rhodium from the filtrate. The precipitation of iridium is not complete under 
these conditions, but its concentration is lowered considerably. It was hoped that 
this reduction in concentration before commencement of electrolysis might diminish 
the codeposition of iridium. The results of these determinations are shown in Table 
VII. It is seen that in these cases the gain in weight of the cathode is, on the average, 
within 1% of the weight of rhodium taken. This cannot, however, be taken as proof of 
the completeness of separation of the two metals. 

Further information concerning the separation was sought as follows. To test for 
coprecipitation of rhodium with the ammonium chloro-iridate, the precipitate was 
dissolved in water and iridium reprecipitated from this solution. The second precipi- 
tate of ammonium chloro-iridate was removed by filtration, and the filtrate tested 
absorptiometrically for rhodium. No more than a few ,ug of rhodium were found 
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among 11 samples investigated in this way. The electrolytic solution, following. 
deposition of the rhodium, was evaporated to dryness; ammonium chloride was 
destroyed by nitric acid, and the residue converted to chlorides by repeated treatment 
with hydrochloric acid. Absorptiometric tests revealed no more than a few ,~g of 
rhodium present. Iridium was determined in 10 cases by combining the ammonium 
chloro.iridate, the electrolyte solution following deposition of the rhodium, and any 
iridium leached out of the carbon anodes. From this combined residue ammonium 
chloride had to be removed by heating with nitric acid; the nitric acid and its de- 
gradation products were then removed by repeated evaporations with hydrochloric 
acid almost to dryness. Iridium was determined absorptiometrically in an aliquot of 
this residue by a procedure that could tolerate moderate ‘amounts of rhodium.” 
The results showed complete recovery of iridium in 5 cases and low recovery in 5 
others. The low recovery of iridium may be interpreted as indicating that some of 
this metal may have been deposited on the cathode; it could just as easily be caused by 
mechanical loss of iridium during the rather ebullient removal of ammonium salts, or 
to loss by steam distillation of iridiumtv chloride. 

The foregoing results suggest, but cannot be taken as conclusive proof, that an 
acceptable separation of the two platinum metals may be achieved by precipitation and 
separation of most of the iridium as ammonium chloro-iridate, followed by electro- 
deposition to separate the rhodium from the remainder of the iridium. However, it is 
doubtful whether these combined operations have any advantages to recommend 
them over other analytical separations for rhodium and iridium. 

All of the experimental evidence in this paper supports, but does not prove, the 
hypothesis that rhodium deposited from chloride solutions is contaminated by 
oxides because of prior hydrolysis of the RhC1,3- ion to species such as RhCI,0H3-, 
etc.l* Increased hydrolysis in buffered solutions led to increased contamination by 
oxide. The hydrolysis is repressed in concentrated ammonium (or sodium) chloride 
solution. The hydrolysis can be suppressed at lower pH, but this also leads to the 
onset of hydrogen evolution at the cathode, and possible incomplete recovery of 
rhodium. It would be interesting to see if rhodium could be recovered free from oxide 
by deposition from more acidic solutions into a mercury cathode. It is the authors’ 
view that the codeposition of iridium is related to the contamination of the rhodium 
deposits by oxide; the best separations were obtained in moderately acidic solutions 
following the procedure of MacNevin and Tuthill; but in a number of these the 
recovery of rhodium was incomplete because of premature hydrogen evolution. The 
best conditions for complete deposition of rhodium (from buffered solutions) led to 
appreciable contamination of the rhodium by iridium when the latter was present in 
solution. In the absence of a detailed mechanism of deposition of the metal from the 
complex ions in these solutions, it is impossible to offer an explanation for the way in 
which contamination by iridium occurs. 

CONCLUSIONS 

The results of the experiments described here must be judged inconclusive in their 
attempts to account for the mechanism of the deposition of rhodium contaminated by 
oxide and by a periodically fluctuating current, and for the rarely avoidable contamina- 
tion of the deposit by iridium when this element is present in the electrolyte. It would 
be interesting to re-examine the nature of the “saw-tooth” current with a recording 
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potentiometer. Also it would be revealing to carry out depositions of rhodium from 
solutions in which the pH was systematically varied in order to test further the 
possible correlation between extent of oxide contamination, extent of codeposition of 
iridium, and hydrogen-ion content of the electrolyte. Because of the changed circum- 
stances of the authors it has proved impossible to do this additional work. The 
present communication makes available our results for anyone else who might wish to 
study the phenomena further. 

Acknowledgemenr-This investigation was supported by a grant from the University of Toronto’s 
Advisory Committee on Scientific Research, for which the authors record their thanks. 

Zusammenfassung-Die von MacNevin und Tuthill 1949 pubhzierte 
elektrolytische Trennung von Rhodium und Iridium wurde in ihren 
Einzelheiten untersucht. Durch Verwendung von Kohleanoden wird 
die Zugabe von Hydroxylamin wlhrend der Elektrolyse unnotig. 
Dadurch wird ein hoher Reststrom vermieden, und es zeigt sich, da0 
die Abscheidung von Rhodium bei automat&h kontrolliertem 
Kathodenpotential mit periodisch sich anderendem Strom ablluft. 
Die Rhodiumabscheidung kann in gepufferten Losungen vorgenommen 
werden, urn Wasserstoffentwicklung zu vermeiden; diese iiberwiegt 
gelegentlich die Rhodiumabscheidung und bewirkt zu niedrige Rho- 
diumausbeute. Das aus gepufferten Losungen, deren pu zur Vermeid- 
ung der Wasserstoffentwicklung erhoht wurde, abgeschiedene 
Rhodium enthiilt ofinbar mehr Oxyd und die Trennung von Iridium 
ist weniger vollstlndig als bei nach MacNevin bereiteten Losungen. 
Man muB einen Kompromib schlieIjen zwischen saurerem Elektroly- 
ten, der wegen der Wasserstoffentwicklung zu wenig Rhodium liefert, 
und starker alkalischem gepuffertem Elektrolyten, aus dem Rhodium 
mit betrkhtlichem Oxydgehalt (der reduziert werden kann) und 
Iridiumverunreinigung abgeschieden wird. Es ist zweifelhaft, ob die 
elektrolytische Trennungsmethode so zuverllssig ist wie andere 
Methoden. 

RCsumk-On separation Blectrolytique 

necessaire. Par l’tlimination 

developpent avec un courant 
periodiquement 

degagement 
d’hydrogene predominer sur 
le depot de rhodium et conduire ii une faible recuperation de celui;ci. 
A partir de solutions tampontrees 

degagement d’hydrogene, le rhodium depose se revble contenir 
plus d’oxyde, et la de l’iridium est moins efficace qu’il 
partir de solutions prtpartes selon la technique de MacNevin. Un 
compromis est entre le travail avec un electrolyte 

degagement d’hydrogene, la re- 
du rhodium est incomplete, electrolyte 

tamponne plus alcalin, a partir duquel le rhodium qui se depose a 
une teneur considerable en oxyde (qui peut etre reduit) et est davantage 
contamine par I1 est douteux que la methode electrolytique 

separation soit aussi sure que d’autres techniques. 
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Summary-Spectrophotometric determination of nitrogen, as ammo- 
nia, with organic solvent extraction has been studied. The blue 
coloured compound formed from ammonia, phenol and hypochlorite 
(chloramine-T) is completely extracted with isobutyl alcohol or 
isoamyl alcohol only by using a salting-out reagent, and the optimum 
conditions have been established. This procedure has been applied 
to the determination of nitrogen in iron, steel and aluminium. 

VARIOUS methods have been reported for the determination of a micro quantity of 
nitrogen in metals, but that used in practice is the Nessler method.1~2~3 Although the 
latter is simple and highly sensitive, the reaction product is colloidal in nature and the 
blank value is large because the reagent itself has a high absorption. 

The blue coloration of ammonia with thymol and hypochlorite (chloramine-T)4 
or hypobromous acid5 can be extracted with organic solvents, such as isoamyl 
alcohol,62g and this has been applied to the determination of nitrogen in iron and 
steel.6 Although the extraction can be effected easily, the sensitivity of this reaction 
is not satisfactory. The analogous blue coloration of ammonia with phenol and 
hypochlorite, originating with Berthelot last century, is more sensitive for nitrogen 
in metals’*s than that with thymol, but this colour is not easily extracted with an 
organic solvent. Consequently, only photometry using this coloration in aqueous 
solution has previously been reported. 

An attempt was therefore made to extract the phenol reaction product, reported 
as indophenol,gy10 and it was found to be easily extracted with isobutyl alcohol or 
isoamyl alcohol by first saturating the solution with a suitable salting-out agent. 
The molar absorptivity of the coloured substance extracted with isobutyl alcohol is 
slightly greater than that extracted with isoamyl alcohol and because this solvent is 
more convenient to use, optimum conditions for the determination of ammonia by 
the use of isobutyl alcohol were examined. Subsequently, the method was applied 
to the determination of nitrogen in iron, steel and aluminium, the accuracy of the 
results being about 2% (standard deviation). 

Reagents 
EXPERIMENTAL 

Standard nitrogen solution. 1.9095 g of ammonium chloride, dried for about 1 hr at 110” and 
cooled in a desiccator, were dissolved in water to make 1 litre of solution containing 0.5 mg of 

l Presented at XIXth International Congress of Pure and Applied Chemistry, London, July, 1963. 
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nitrogen/ml. 10 ml of this solution were diluted exactly to 500 ml to make a solution containing 
10 pg of nitrogen/ml. 

Phenol solution. 25 g of phenol dissolved in 50 ml of 40 y/, sodium hydroxide solution was diluted 
with water to 100 ml. 

Chloramine-T solution. 5% and 10% aqueous solutions prepared from reagent supplied by 
Kanto Chemical Co. (Japan). 

1M Sodium hydroxide solution. 
All reagents used were analytical grade. 

Apparaius 
An Hitachi photoelectric spectrophotometer Model EPU-2A with lcm cell and an Hitachi glass 

electrode pH-meter Model FEM-2 were used for the various measurements. 

Experimental procedure 
Standard nitrogen solution, containing less than 60 pg of nitrogen, was placed in a 50-ml glass- 

stoppered conical flask, neutralised with sodium hydroxide solution (litmus paper), then 1 ml of 
phenol solution and 7 ml of 5% chloramine-T solution were added to bring the whole volume to 
about 25 ml and the pH adjusted to 12 (pH meter). The flask was immersed in a boiling water bath 
for about 22 min to allow full development of the colour. After cooling the solution in water, about 
9 g of sodium chloride were added and the saturated solution shaken with 10 ml of isobutyl alcohol 
for about 1 min. The aqueous solution was drained off, the upper isobutyl alcohol layer placed in 
a dry test tube and the solution lightly shaken with about 2 g of anhydrous sodium sulphate for 
dehydration. Part of this solution was transferred to the photometer cell and its absorbance measured 
at 655 mp, from which the quantity of nitrogen present was calculated. 

Selection of organic extractant 
The coloured substance is extracted by isobutyl alcohol and isoamyl alcohol but not by other 

solvents, such as methyl isobutyl ketone, chloroform, benzene, xylene., carbon tetrachloride, amyl 
acetate, butyl acetate or ethyl acetate. Therefore, extractions were carried out with isobutyl alcohol 
and isoamyl alcohol, using 30 rg of nitrogen. The two extracts differed slightly in colour and their 
absorbances were measured at the wavelength of maximum absorption in each solvent (Table I). 

TABLE I.-SPECZTROPHOTOMETRIC DATA FOR EXTRACTION OF 3Opg OF NITROGEN 

Solvent 
Wavelength 

for maximum 
absorption, rnp 

Absorbance 

Blank Corrected 
for blank 

Molar 
absorptivity 

at maximum 
absorption 

Isobutyl alcohol 655 0.020 O-320 1490 
Isoamyl alcohol 645 0.020 0.305 1420 

The use of isobutyl alcohol was adopted, this being the more convenient solvent. Extraction 
of up to 60 pg of nitrogen is complete with a single lO-ml portion of isobutyl alcohol under the 
experimental conditions eventually established. 

Absorbance curve 
The coloured solution obtained from 35 pg of nitrogen submitted to the above procedure, was 

extracted with isobutyl alcohol and the absorbance measured at wavelengths between 320 and 800 mp. 
Below 400 rnp the blank values tended to increase towards the shorter wavelength region and no 
absorption of nitrogen was observed. Blank values were small in the region of 400-5OOmy, and 
again no absorption of nitrogen was observed. The absorbance curve above 500 rnp is shown in Fig. 1, 
the absorption maximum being at 655 mp. 

Effkct of pH 
The same procedure was carried out with 30 rug of nitrogen and with the added quantity of 1M 

sodium hydroxide solution or 1M hydrochloric acid varied to adjust the solution to different PH. 
As shown in Fig. 2, a constant absorbance is observed in the pH range 114-12.5. This pH corresponds 
to 0.05-0.15M in free sodium hydroxide when no other salts are present in large quantity. 

Effect of amount of phenol 
In the next experiments, only the amount of phenol solution added was varied, and the results 

are shown in Fig. 3. The absorbance becomes constant with above 0.5 ml of phenol solution present 
and it was, therefore, decided to add 1.0 ml of phenol. 
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Wavelength, mp 

FIG. l:--Absorbance curves using isobutyl alcohol : 
I-reagent blank, 

II--3.5 rg of nitrogenjml of extract, 
I&-3+5 pg of nitrogenfmi of extract plus reagent blank. 

, 

IO II 12 13 

PX 
RG. 2.-Effect of pH on ribsorbance (3 pg of nitrogen/ml of extract). 
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FIG. 3.-Effect of amount of phenol on absorbance (3 ,~g of nitrogen/ml of extract). 
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FIG. 4.-Effect of amount of chloramine-T on absorbance (4.5 rg of nitrogen/ml of 

extract). 
Efi^ect of amount of chloramine-T 

The amount of chloramine-T solution added was varied with 45pg of nitrogen present and 
keeping the other factors unchanged. From Fig. 4, a constant absorbance is obtained by the addition 
of over 6 ml of 5% chloramine-T solution and it was, therefore, decided to use 7 ml. There is a 
variation of absorbance according to the chloramine-T used and it is necessary to use a good quality 
product. 

Eflect of heating time 

The same procedure was carried out as described above to asccrtain the effect of the time of 
heating and the extraction temperature. From the experiments it was found that it is necessary to 
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Tlmr, min 
FIG. 5.-Efkct of heating time on absorbance (5 rg of nitrogen/ml of extract). 

heat the mixture in a boiling water bath for more than 20 min (see Fig. 5); also the absorbance of 
the extract solutions is constant when extracted between lo” and 25”, but it decreases when extracted 
at 30”. 

Preliminary experiments (see below) with various salts as salting-out agents showed that sodium 
chloride was the most suitable. The same procedure as described before was carried out with 30 rg 
of nitrogen, but various quantities of sodium chloride were added after the cooling period. As shown 
in Fig. 6, it is necessary to add more than 8 g of sodium chloride. Addition of 8 g of sodium chloride 
brings the solution to saturation and some solid sodium chloride remains undissolved when more 
than 9 g of the salt is added. Because it is necessary to obtain a completely saturated solution of 
sodium chloride, 9 g of the salt was added henceforth. 

0.3 

0 0.2 
‘: 
p” 
b (ID 
3 0.1 

“L______ 
5 6 7 8 9 IO II 12 

N&I. g 
FIG. 6.-Effect of amount of sodium chloride on absorbance (3 ;lg of nitrogen/ml of 

extract). 

Effect of other salting-out reagents 

The same procedure as described above was employed to investigate the effects of potassium 
chloride, sodium sulphate, potassium sulphate, sodium nitrate and potassium nitrate as salting-out 
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reagents. The solution was cooled to 15” after coloration, and each salt was added to more than 
saturation, then extraction was carried out. As indicated in Table II, the absorbance was greatest 
with sodium chloride and lower with all other salts. 

TABLE II.-EFFECT OF VARIOUS SALTING-OUT REAGENTS ON EXTRACTH~N OF 
30/4g OF NITROGEN 

Saltine-out 
reagLt 

Amount 
added, g 

Absorbance 

Blank 
Corrected 
for blank 

NaCl 9 0.035 0,320 
0.322 

KC1 9 0.033 0.284 
0.285 

Na,SO, 10 0.020 0.210 
0.211 

KG% 5 0*020 0.190 
0.188 

NaNO, 20 0.022 0.182 
0.183 

KNOs 9 0.020 0.168 
0.138 

Calibration curve 

There is a linear relationship between the quantity of nitrogen and the absorbance over the range 
O+l--60 rg of nitrogen/lo-ml extract. 

Eflect of various ions and organic acids 

Metal ions. Various metal ions were added to 30 rg of nitrogen and the same procedure carried 
out as above. The effect of copper is remarkable and the determination becomes impossible when 
5 pg of copper is present (Table III). Other metal ions, such as 100 mg of MO and W; 10 mg of Al, 
Zn, V, Ni and Sn; 2 mg of Fe; 1 mg of Co, Mg, Mn, Cd, Bi, U, Hg, Ag, Cr, Pb, Be, Se, Te, Zr and 
Ce; and 0.1 mg of Sb, Ti, Nb, and Ta do not affect the reaction. 

Anions and organic acids. Various salts and organic acids were added to 30 pg of nitrogen and 
the solution was submitted to the determination of nitrogexras described above. These results are 
shown in Table III and Fig. 7. Organic acids which form complex salts interfere in the determination. 
Although sodium chloride, fluoride, nitrate and perchlorate and potassium chloride do not affect the 
reaction, sodium sulphate* and phosphate show characteristic effects. 

Determination of Nitrogen in Iron, Steel and Aluminium. 

The developed procedure was applied to the determination of nitrogen in iron, steel and aluminium. 
Because the reaction was carried out at around pH 12, iron and most other metals will precipitate 
as their hydroxides. Coloration in the presence of a large amount of precipitate was not desirable 
because adsorption of nitrogen might occur: also, the extraction procedure was inconvenient. 
Consequently, steam distillation was used in the case of iron and steel to separate the ammonia 
before the photometric procedure. Aluminium did not precipitate under these conditions when the 
quantity was small, but it formed some precipitate when the quantity became larger. However, the 
amount of the precipitate was smaller than in the case of iron and steel samples and the number of 
impurities present in the metal was smaller. Therefore, the problem was only to remove copper 
{see above) and the determination was carried out without removal of other ions. 

Determination of nitrogen in iron and steel 
Procedure. The sample was placed in a beaker and heated with 40-60 ml of hydrochloric acid 

(1 + 1) until in so1ution.t The distillation apparatus (conventional type) was thoroughly steamed 
out, 20 ml of O.lM sulphuric acid placed in the receiver and the tip of the condenser tube dipped 

* A direct extraction procedure on a neutralised Kjeldahl digest of organic material may be 
possible, provided the calibration curve is produced under the same conditions. 

t When it was necessary to determine acid-soluble and acid-insoluble nitrogen separately, the 
residue was collected by filtration through asbestos, decomposed by the usual Kjeldahl method, 
then submitted to distillation for separate determination of nitrogen. 
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TABLE III.-EFFECTS OF COPPER AND ORGANIC ACIDS ON DETERMINATION OF 
30 /1g OF NITROGEN 

819 

Additive Amount 
added 

Absorbance 
Nitrogen found, ,UJJ 

Blank Corrected 
for blank 

cu 3% 0027 0.322 30.4 
0321 30.3 

5% 0.026 
10 PLg 0.022 

o-315 
0.312 

0.238 
O-267 

29.7 
29.5 

1 
Green extract 

30 Pig O-015 o-115 
0.097 

10.8 9.2 Precipitate 
I 

EDTA 0.05 g 0.095 0.155 14.5 
0.182 17.2 

Tartaric 0.1 g 0.030 0.318 30.0 
acid 0.321 30.3 

0.2 g 0.030 0.267 26.3 
0.295 28.2 

0.5 g 0.032 0006 0.5 
0008 0.8 

Citric 02g 0.030 0.318 30.0 
acid 0.313 29.3 

0.3 g 0.030 0.296 28.0 
0.306 28.7 

0.5 g 0.095 0.025 2.4 
0.065 6.2 

NaF 0.2 g O-046 0.320 30.0 
0.322 30.3 

@5g 0.051 0.289 27-5 
0.278 26.5 

NaNOI 2.0 g 0329 0.313 29.3 
0.316 29.5 

NaCIOI 2.5 g 0.075 0.320 30.0 
0.319 30.0 

4.0 g 0.100 0.285 27.0 
0.289 27.5 

NaCl 4.0 g 0.038 0.322 30.2 
0.324 30.5 

8.0 g 0.046 0.324 30.5 
0.322 30.2 

KC1 8.0 g 0.230 0.320 30.0 
0.323 30.3 

inside the solution. In the distillation flask, 50-75 ml of 12M sodium hydroxide solution were placed 
and the sample solution added from the funnel placed over it. The funnel must be thoroughly 
washed before use. Steam was then passed through the flask while heating the solution. When the 
distillate was around 90 ml, the receiver was lowered to raise the tip of the condenser tube above the 
solution and distillation was continued for 334 min. The tip of the condenser tube was washed with 
water, the receiver solution transferred to a lOO-ml calibrated flask and diluted to the mark. From 
this solution a 20ml aliquot was transferred to a glass-stoppered conical flask, 1 ml of phenol solution 
and 3.5 ml of 10% chloramine-T solution were added and the volume brought to 25 ml with water. 
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FIG. 7.-Effect of amount of sodium sulphate (0) and disodium hydrogen phosphate 
(0) on absorbance (3 pug of nitrogen/ml of extract). 

This solution was submitted to the procedure described above and the quantity of nitrogen obtained 
from a calibration curve. 

Examinafion of distillation method. Experiments were carried out to find whether nitrogen was 
completely recovered as ammonia by steam distillation with the apparatus used. To remove any 
nitrogen contained in electrolytic iron, 1 g of electrolytic iron was dissolved in 40 ml of hydrochloric 
acid (1 + l), 50 ml of 12M sodium hydroxide solution added and the mixture boiled on a hot-plate 
for over 30 min. The nitrogen-free electrolytic iron solution thus obtained was transferred to a 
distillation flask, various amounts of standard nitrogen solution added and the mixture submitted 
to distillation as described above. Results of the determination of nitrogen by this procedure are 
shown in Table IV, and they indicate that the recovery of nitrogen is complete. 

Analysis of samples. Several samples of iron and steel were submitted to determination of nitrogen 
by the above procedure and the results obtained are listed in Table V. Some results for the separate 
determination of acid-soluble and acid-insoluble nitrogen are given in Table VI. 

TABLE W.-RECOVERY OF NITROGEN AFTER DISTILLATION 

Absorbance 
Nitrogen (corrected Total nitrogen 

added,8 rlg for blank)C found,b /lx 
_----_ --- 

50 0.112 5@0 
0.111 50.0 

100 0.219 102.5 
0.215 100.0 

150 0.326 152.5 
0.320 150.0 

200 0.426 200.5 
0.424 199.5 

250 0.534 252.5 
0.530 250.5 

8 1 g of electrolytic iron taken. 
b One-fifth of distillate used for spectrophotometry. 
C Blank absorbance : 0.034. 
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TABLE V.-RESULTS OF THE DETERMINA'IION OF NITROGEN IN SOME CARBON S'FJZELS 

Sample 
Amount 
taken, g 

Absorbance 
(corrected 
for blank) 

Total nitrogen found 

BY proposed By Nessler 
method,s 0/0 method, o/0 

No. 1 3.000 0.101 
0.100 

No. 2 3.000 0.090 
0.085 

No. 3 3.000 0.117 
0.117 

No. 4 lG)O 0.367 
0.360 

No. 5 l*OOO 0.275 
0288 

0.0016 00014 
00316 
oGO14 00012 
0*0013 
0.0018 00019 
0.0018 
o-017 0.015 
0.017 
0.013 0,012 
0.014 

a One-tifth of distillate used for spectrophotometry. 

TABLE VI.-RESULTS OF THE DETERMINA~ON OF NITROGEN IN SOME IRONS AND STEELS 

Nitrogmfound 

Amount 
Soluble or Absorbance 

Aliquot 
in sample 

Sample 
taken, g 

insoluble (corrected - 
nitrogen for blank) By proposed 

method,’ O/! 
By titrhnetric 
method,b o/0 

cast Sol. l/5 0.027 0*0003 
iron 4000 0.032 0@004 

Insol. l/10 0.332 OX@78 O-007 
0335 0.0079 

Pig 
iron 3.000 ( 

Sol. l/5 0.035 OXtOO 
0.035 0.0005 

InsOl. l/5 0.154 O-0024 0.004 
0.166 0.0026 

18-8 
( 

Sol. l/20 0.413 0.0390 0.038 
Stainless 2.000 0.414 0.0391 
steel Insol. l/5 0.010 0.0002 

0.008 0*0002 
1fChrome 

( 
Sol. l/20 0.310 0.0293 0.0298 

steel 2.000 0.299 0.0283 
Insol. l/5 0.036 0+008 

0.038 0*0009 

* One-fifth of distillate used for spectrophotometry. 
TV The ammonia is steam distilled into standard sulphuric acid solution, the excess of which is 

eventually titrated with standard sodium hydroxide using methyl red-methylene blue as indicator. 

Determination of nitrogen in aluminium 

Procedure. A solution of l-2 g of the aluminium sample in a mixture of 20 ml of hydrochloric 
acid and 20 ml of water was diluted to about 70 ml with water and cooled to room temperature. 
About 10 g of granulated zinc were added and the mixture allowed to stand at room temperature 
with occasional shaking, when copper precipitated out on the surface of the zinc. After about 
2 hr a piece of fresh zinc was added to see if its surface also blackened. When blackening no longer 
occurred, the solution was filtered through paper into a lOO-ml calibrated flask. The filter paper and 
zinc were washed with water and the combined filtrate and washings diluted to the 100-ml mark 
with water. Ten ml of this solution were transferred to a beaker, neutral&d with 3Msodium hydrox- 
ide solution (litmus paper), and 1 ml of phenol solution and 3.5 ml of 10% chloramine-T solution 
added. The pH of the solution was adjusted to about 12 (pH-meter) by the addition of 3M sodium 
hydroxide solution and the volume brought to about 25 ml with water. The total volume of 3M 
sodium hydroxide solution used in this procedure was recorded. 
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To a second lo-ml aliquot of the sample solution the same amount of 3M sodium hydroxide 
solution as used in the preceding experiment was added, followed by 1 ml of phenol solution and 
3.5 ml of 10% chloramine-T solution. The volume was adjusted to about 25 miand the determination 
of nitrogen completed as previously. The quantity of nitrogen was obtained from a calibration 
curve. 

Examination of method for removal of copper. Only a small quantity of copper is generally 
present in aluminium. Preliminary experiments were carried out on its removal because copper 
interferes in the colour reaction (see above). The most simple method was to add zinc to the dilute 
hydrochloric acid solution of aluminium at room temperature to precipitate out metallic copper 
on the zinc. 

One g of aluminium foil (0.011 y/, of copper) was dissolved in a mixture of 20 ml each of hydro- 
chloric acid and water, then standard nitrogen solution added. Copper was added and precipitated 
with zinc as described above. The solution was filtered, the filtrate diluted to 100 ml in a calibrated 
flask and 10 ml of this solution submitted to the determination of nitrogen. 

As shown in Table VII removal of copper by the use of zinc has no effect, the added nitrogen 
being determined completely. Determination of nitrogen in the granulated zinc used showed that it 
contained OXIOl,~O of nitrogen. The amount of zinc dissolved by this procedure was extremely 
small, but in any case, a blank test was always carried out at the same time. 

Analysis of samples. The developed procedure was applied to the analysis of several samples of 
aluminium and the results obtained are shown in Table VIII. 

TABLE VII.-RECOVERY OF NITROGEN AFTER REMOVAL OF COPPER BY ZINCS 

Copper 
added, mg 

Nitrogen 
added, ,ug 

Absorbance 

Corrected 
Measured for blank 

Total 
nitrogen 

found,b pg 

0 0 0.054 
0.055 

2.5 0 0.056 
0.056 

0 300 0,375 
0.373 

2.5 150 0.220 
0.218 

2.5 300 0.373 
0.376 

- 
- 
- 
- - 

0.320 301 
o-318 300 
0.164 151 
0.162 150 
O-317 299 
0.320 301 

- 
- 
- 

8 1X)00 g of aluminium, containing 110 rg of copper as impurity, taken. 
b One-tenth of solution, after removal of zinc, used for spectrophotome try. 

TABLE VIII.-DETERMINATION OF NITROOEN IN ALUMINWM 

Sample 
Amount 
taken, g 

Absorbance 
(corrected 
for blank) 

Total nitrogen 
found in sample 

By proposed 
method,a o/0 

By Nessler 
method, y0 

1st grade 2.1619 0.067 0.0029 0.0627 
0.066 0.0029 

2nd grade 2.1516 0,074 0.0033 0~0030 
0.074 0.0033 

3rd grade 2.1441 0.076 0.0035 0.0036 
0.078 0.0035 

Special grade 2.1376 0.041 0.0018 0.0019 
0.042 0.0018 

Foil 2.4658 0.068 0.0026 0.0025 
0.067 OQO26 

8 One-tenth of solution, after removal of zinc, used for spectrophotometry. 
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Zusammenfassung-Die spektralphotometrische Bestimmung von 
Stickstoff als Ammoniak mit Extraktion in organisches Losungsmittel 
wurde untersucht. Die blaue Verbindung aus Ammoniak, Phenol 
und Hypochlorit (Chloramin T) 1B;l.Q sich durch Aussalzen vollig in 
Isobutyl- oder Isoamylalkohol extrahieren. Die gtlnstigsten Bedin- 
gungenwurden ermittelt und dasverfahren auf Stickstoffbestimmungen 
in Eisen, Stahl und Aluminium angewandt. 

R&sum&-On a ttudie un dosage spectrophotometrique de l’azote, 
B l’ttat d’ammoniac, par extraction avec un solvant organique. Le 
compose colore en bleu que forme l’ammoniac avec le phenol et un 
hyperchlorite (chloramine-T) est extrait completement a l’alcool 
isobutylique ou isoamylique, en utilisant seulement un reactif relargant, 
et on a Btabli les conditions optimales. Cette methode a tte appliquee 
au dosage de l’azote dans le fer, l’acier et l’aluminium. 
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Summary-The use of potassium dichromate for the potentiometric 
titration of ceriumlll in 12-13.5Mphosphoric acid at room temperature 
has been investigated. The method, which is accurate to ho.35 % for 
30420 mg of ce.rium/SO ml of titration solution, has been applied to 
the determination of cerium in monazite sand and technical cerium 
carbonate. Methods have also been developed for the differential 
potentiometric titration of iron” plus ceriumlll, vanadiumI” plus 
ce.riuml”, and iron” plus vanadium’” plus ceriumllr in the same 
solution. 

MANY of the procedures for the titrimetric determination of ceriumrrr are indirect, 
involving oxidation to cerium Iv. Several oxidising agents have been tried, including 
atmospheric oxygen, potassium or ammonium persulphate, lead dioxide, bismuth 
tetroxide or sodium bismuthate, potassium hexacyanoferrate(III), potassium chlorate, 
ozone and silver11 oxide. 

Von Knorrel appears to have been the earliest to apply himself to the titrimetric 
determination of cerium. He proposed the oxidation of ceriumrII to ceriumrv with 
atmospheric oxygen in a basic medium. The resulting ceriumrv was treated in an 
acid medium with a known excess of hydrogen peroxide, the excess of which was 
back-titrated with standard potassium permanganate. Atmospheric oxidation of 
ceriumII1 was also resorted to by Barthauer and Pearce,2 who reacted the ceriumrv 
formed with potassium iodide in an acid medium and titrated the liberated iodine with 
standard sodium thiosulphate. Lessnig3 treated the ceriumrv formed with a known 
excess of ironrr and titrated the unreacted ironI with standard potassium perman- 
ganate. The heterogeneous oxidation of cerium II1 hydroxide by atmospheric oxygen 
in an alkaline medium must necessarily be incomplete. 

The earliest investigator to employ potassium persulphate for the oxidation of 
ceriumrrr in sulphuric acid appears to have been Von Knorre.4 After decomposing 
the excess persulphate by boiling, he determined the ceriumIV formed through the 
hydrogen peroxide-potassium permanganate method. Sterba-Boehm and Matulas 
also employed potassium persulphate for the oxidation of ceriumrrr, but they deter- 
mined the resulting ceriumIV iodimetrically. Weiss and Siege# reported that this 
method gives results lO-20% high. They also stated that a similar oxidation by 
persulphate in an alkaline medium in the presence of a nickel catalyst and titration 
of the cerium*v with arsenite (according to the procedure of Lang and Zwerinar) 
gives low results (O-3*4%). Willard and Your@ improved the method by using silver 
nitrate as a catalyst during the oxidation of ceriumrIr by persulphate. 

l Part II: See reference 29. 

825 
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Jobe achieved the oxidation of ceriumIrr 
nitric acid medium ; 

with excess of lead dioxide in a strong 
after the excess of oxidising agent is removed by filtration, 

ceriumrv in the filtrate is determined by the hydrogen ~roxide-~an~~a~method. 
Weiss and Siegep stated that the method of Job gives inaccurate results. Gordon and 
Feibushle recently employed lead dioxide for the oxidation of small amounts of 
ceriumrr” in sulphuric acid, The ceriumxv is filtered into a known excess of ironr1, 
and the unreacted ironrr determined by a spectrophotometric method, after complex- 
ation with l,lO-phenanthroline. 

Waegner and Mullerr oxidised ceriumrrf by treatment with excess of bismuth 
tetroxide in a strong nitric acid solution, The excess of bismuth tetroxide is filtered 
off and the ceriumIV in the filtrate determined by the hydrogen peroxide-permanganate 
method. Weiss and Sieger6 stated that this method gives about 10% low results. 
Metzgerla used sodium bismuthate in sulphuric acid solution at boiling temperature 
in place of bismuth tetroxide, and determined the ceriumlv by the ironrr sulphate- 
permanganate method. The method is not precise, giving results with an error of 
2%. Moreover, the method is cumbersome, because it requires a filtration and 
washing. 

Browning and Palmer’s treated ceriumrrr in an alkaline medium with an excess 
of hexacyanoferrate(III), the hydrated ceriumIv oxide being filtered off and the 
hexacyauoferrate(IV) in the filtrate titrated in an acid medium with standard potas- 
sium permanganate. Unless every precaution is taken to exclude air during the 
treatment of the ceriumIlf in alkaline solution with excess potassium he~cyanoferrate 
(III), the results will be low because part af the ceriumrSr is oxidised by atmospheric 
oxygen. 

StrobaschI* employed potassium chlorate as an oxidant for ceriumrrr in sulphuric 
acid. The excess oxidant is decomposed by boiling and the ceriumrv formed deter- 
mined by the hydrogen peroxide-~~a~gana~ method. 

Willard and Merrittls used oz5ne as the oxidising agent. When ceriumzr’ is 
treated with 5% ozone for 60 min in a medium containing both sulphuric and phos- 
phoric acids, cerium rrr phosphate is oxidised to ceriumlv phosphate which separates 
as a thick white gel, it being more insoluble than the ceriumrrr phosphate. Unless 
the ceriumfv phosphate is precipitated in this way the oxidation is reported to be 
incomplete. After the reaction is completed, the cerium phosphate is dissolved in 
sulphuric acid until a clear yellow-orange solution results. The excess of ozone is 
driven out from the mixture by passing carbon dioxide or nitrogen for 15 min, then 
the ceriumrv titrated with a standard solution of ironrr sulphate using ferroEn as 
indicator. It is obvious that the method is tedious, although it is reported to give 
precise results. All substances which are oxidised by ozone in acid solution and 
reduced by ironI sulphate must be absent. These include mauganeser’, cobaltrf, 
vanadiumtv and large amounts of chromiumfrl salt. Chlorides and large concen- 
trations of nitrates also interfere. 

Kimura and Murakimi16 and Lingane and Davis17 carried out the indirect 
titrimetric determination of ceriumrIr using silverrz oxide as oxidant in nitric acid 
at room temperature; the redox potentialIs of the silverrI/silverr couple is very high, 
being 1.929 V in 4M nitric acid and 2.00 V in 4M percbloric acid. Excess oxidant iS 

easily removed by warming for a few min. The solution is then diluted, treated 
with excess standard ironrr solution, and the unreacted ironI titrated with standard 
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ceriumIV sulphate or permanganate solution. Chromiumrrr, manganese11 and other 
substances which are also oxidised by silver11 interfere; although cobalt11 is also 
oxidised, it does not interfere because the cobalt II1 is decomposed during the process 
of heating. However, it is undesirable to titrate ceriumrv salt or any other oxidant 
with iron” solution in the presence of nitric acid. 

Mention may also be made of the procedure developed by LangI which is of 
considerable theoretical interest. CeriumIrr is treated with a sufficient excess of 
potassium dichromate in the presence of a larger excess of arsenicIIr in a medium 
containing 3-40 ml of sulphuric acid and 4-5 g of metaphosphoric acid/200 ml. The 
reaction between dichromate and arsenic111 is believed to induce the oxidation of 
ceriumIr1 by dichromate; the resulting ceriumrv is determined by titration with 
standard iron11 solution using diphenylamine as indicator. Evidently the concen- 
trations of all of the reactants should be so arranged that when all of the ceriumrrr is 
oxidised, there should be no dichromate left. 

Recently, Issa and Allam 28 have proposed the use of potassium permanganate 
in an alkaline medium for the oxidation of cerium III. To a known excess of standard 
permanganate solution, add excess of telluric acid (sufficient to keep the telluriumvr/ 
manganese vrr ratio greater than 5). The mixture is now treated dropwise with sodium 
hydroxide solution to give a concentration of l*O-2.OM, followed by an aliquot of the 
ceriumlIr solution. After waiting for 5-10 min the excess permanganate is back- 
titrated with a standard solution of thallium I. The permanganate is reduced only to 
manganeseIv, which is stabilised by the telluric acid present. In the direct titration of 
ceriumr*r in an alkaline medium with potassium permanganate in the presence of a 
large excess of telluric acid, the time required for equilibrium potentials is about 1 min 
at the beginning of the titration and 9 min near the equivalence point. The method 
is only of theoretical interest because the reagents involved, namely telluric acid and 
thalliumI, are expensive. 

Besides the indirect methods discussed above, several direct methods have also 
been proposed. As early as 1916, Lenher and Meloche20 titrated ceriumlI1 nitrate 
solution, in the presence of an excess of zinc oxide paste, with potassium perman- 
ganate solution, first in the cold, then at the boiling temperature towards the end- 
point. Milk of magnesia (but no calcium carbonate) was also found suitable in place 
of zinc oxide. Goffart21 has shown that ceriumlI1 is oxidised to the quadrivalent 
state (in a neutral sodium pyrophosphate medium) by titration with standard potas- 
sium permanganate. The visual end-point is obscured by the colour of the product 
of the reaction, manganeseI pyrophosphate complex. The potentiometric end-point 
method is also unsatisfactory, because the potential break is very small (15-25 mV). 
Hence, Goffart suggested amperometric end-point detection. The reaction becomes 
very slow near the end-point and vigorous agitation is necessary. 

Marple, Przybylowicz and Hume22 employed photometric titration for the deter- 
mination of submilligram to decigram amounts of ceriumIrr with potassium perman- 
ganate in a neutral pyrophosphate medium. ArsenicIrr, vanadiumrv, antimonyrrr, 
thalliumr, mercury’ and iodide are reported to interfere. In the photometric method 
chromiumrrr, fluoride and other substances which form precipitates should also be 
absent. 

TomiEek23 carried out the titration of ceriumlI1 with potassium hexacyanoferrate 
(III), in a medium containing a high concentration of potassium carbonate, under a 
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carbon dioxide atmosphere, with a potentiometric end-point. Air must be rigorously 
excluded because the complex carbonates of ceriumrrr are easily oxidised by atmos- 
pheric oxygen. Moreover, the alkaline condition results in the precipitation of many 
metals. The position of the inflection point on the potential-concentration curve 
depends on ,the concentration of the carbonate, being shifted towards more negative 
potentials as the carbonate concentration increases. This indicates that the ceriumrv 
carbonates are more complex than the ceriumrrr carbonates. This method gives poor 
inflection points when the ceriumrv/ceriumrrr ratio is large. 

Bricker and Loefflerz4 recommended the titration of ceriumrrr solution in IM 
sulphuric acid with a standard cobaltrrr solution using a photometric end-point, 
following the absorption at 400 rnp (where the formation of ceriumrv is observed) 
or at 610 rnp (where the excess cobaltrrI is detected). Because the reaction between 
cobaltrlI and ceriumlrl is very slow in the vicinity of the equivalence point, the 
addition of silver nitrate is recommended to serve as a catalyst. The authors have 
stated that the reproducibility of the method is about 5 parts per 1,000; the disagree- 
ment between the values obtained by the sodium bismuthate and cobaltrrr methods 
is about l*Sq$. Manganese”, chromiumIII, vanadiumIV and other elements which are 
oxidised by cobaltrrr interfere. Chloride, bromide and iodide are rapidly oxidised 
by cobaltIrr. Hence their presence vitiates the results, as does that of acetic acid, 
acetic anhydride, glycerol, etc., which are also rapidly oxidised. In view of the 
difficulties involved in the preparation of cobaltrrr sulphate and the very poor stability 

of the reagent, it is doubtful whether the reagent can attain sufficient vogue. 

Recently, Doleial, Rossler and Zyka25 reported that ceriumlrr can be titrated 
potentiometrically in 0*2M sodium carbonate under an atmosphere of nitrogen with 
O.OlM potassium periodate solution. When the equivalence point is approached, it is 
necessary to wait for 15-30 set until the potential becomes constant. The end-point 
is indicated by a potential change of 170 mVIO.02 ml of titrant at about 0~1 V uer~u~ 
a saturated calomel electrode. It is reported that the determination of l-10 mg and 

lo-50 mg of cerium gave an average deviation of &l-S:/, and &l*O%, respectively, in 
50 titrations. Bismuthrrr, cobaltrr, chromiumrrr, ironlI1, nickel11 and zincrr interfere 
when present in concentrations greater than 1 o/O of the cerium. Lanthanum, europium 

and yttrium do not interfere. The low degree of reproducibility of the method, 
interference of atmospheric oxygen, large number of other interferences and high cost 
of the reagent are some of the disadvantages attendant on the use of potassium per- 
iodate for the determination of ceriumlI1. 

From the foregoing it is evident that the only precise method for the determination 
of ceriumrrr now available is the indirect procedure of Willard and Young8 involving 

heating of ceriumrrI with excess of persulphate in the presence of silver nitrate as 

catalyst. 
We have now developed a direct titration method with potassium dichromate. 

Making use of our observation that ceriumlI1 is rapidly oxidised to ceriumIV by 
potassium dichromate in 10*5-13*5M phosphoric acid, conditions have been estab- 

lished under which ceriumlI1 can be titrated directly with a standard solution of 

potassium dichromate at room temperature with a potentiometric end-point. It has 
already been reported26 that the formal redox potential of the chromiumvl/chromiuml” 
couple increases with increasing phosphoric acid concentration, from l-016 V in 
l.OM phosphoric acid to l-483 V in 12Mphosphoric acid. The formal redox potential 
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of the ceriumrv/ceriumrrr couple has now been determined in media of varying 
phosphoric acid concentration. From the data presented in Table I and the curves 
given in Fig. 1, it will be seen that the potential of the chromiumvr/chromiumrlr 
couple has a value lower than that of the ceriumlV/ceriumlrl couple in phosphoric 
acid of concentration less than 6*6M, but has a higher value above this concentration. 
In 12M phosphoric acid the potential of the chromiumvr/chromiumrrr couple is 
greater than that of the ceriumrv/ceriumIrI couple by 0.248 V. The formal redox 

1500 ,- 

FIG. l.-Formal redox potentials in a medium of varying phosphoric acid 
concentration: 

O-O-chromiumv+hromiuml~l couple, 
~-~-ceriumrv/ceriumlxI couple. 

potential of the ceriumrv/ceriumrrr couple could not be determined in a medium 
containing phosphoric acid at a concentration lower that about 6M, because ceriumrv 
phosphate is insoluble under such conditions. 

In our experiments, phosphoric acid plays a two-fold role: firstly, it lowers the 
redox potential of the ceriumrV/ceriumrll couple by complexing ceriumrv more 
strongly than ceriumrrr; secondly, it increases the potential of the chromiumvr/ 
chromiumrrr couple. Thus in a suitable phosphoric acid medium ceriumrrr is 
oxidised to ceriumrv by chromiumvr, a reaction which is the reverse of the usual 
redox reaction in sulphuric or nitric acid media, namely, the oxidation of chromiumrrr 



830 G. GOPALA RAO, P. KANTA RAO and S. BHANOIEE RAO 

to chromiumvr by ceriumIV. Willard and Young2’ determined chromium111 by 
treatment with excess of ceriumIV sulphate in hot solution, followed by back-titration 
of the unreacted ceriumIV with standard sodium oxalate or sodium nitrite solution. 

From the known difference in the redox couples in 12M phosphoric acid, the 
equilibrium constant of the following reaction is calculated to be 8.318 x 1O24 at 
28” : 

6Ce3+ + Cr2072- + 14H+ + 6Ce4+ + 2CP + 7H,O. 

EXPERIMENTAL 

Determination of Formal Redox Poiential of CeriumTvlCerium II1 Couple in a .Medium of Varying 
Phosphoric Acid Concentration 

Reagents 

Cerium*v solution. An approximately O.lM solution is prepared from “Pro Analysi” grade 
ceriumrv sulphate (E. Merck, Germany) in 1M sulphuric acid and standardised against sodium 
oxalate. 

Cerium”’ solutions. An approximately O.lM solution is prepared from cerium*v sulphate by 
reduction with hydrogen peroxide in 1M sulphuric acid and boiling down to crystallisation. The 
solution is then cooled, made up to desired volume and standardised according to the method of 
Willard and Young.B 

Syrupy phosphoric acid. Syrupy phosphoric acid of “Pro Analysi” grade supplied by E. Merck, 
Germany, is used in this investigation. This sample of phosphoric acid is free from impurities 
which can react with ceriumXv within the time of the experiment. The strength of phosphoric acid 
is ascertained after suitable dilution, by titration with a standard solution of sodium hydroxide 
using a mixture (1: 1) of phenolphthalein and a-naphtholphthalein as indicator. 

Apparatus 

As described before.*O 

Procedure 

Volumes corresponding to 2.50 ml of 0.1 M ceriumIv solution and to 2.50 ml of O*lM cerium”r 
are mixed. After adding enough phosphoric acid to reach the required strength, the mixture is 
diluted to 50 ml. The rest of the procedure is as described before.p8 The potentials attain 

1 
1 

equilibrium values immediately. 
The values of the ceriumlv/cerium’r I redox potential at different phosphoric acid concentrations 

are given in Table I (uncorrected for liquid-liquid junction potential). 

TABLE I.-FORMAL REDOX POTENTIAL OF CERIUM~/ 

CERIUM”I COUPLE IN A MEDIUM OF VARYING PHOSPHORIC 

ACID CONCENTRATION 

Concentration of phosphoric 
acid, M 

- ____ 
6.0 
7.5 
9.0 

10.5 
12.0 
13.5 

Formal redox potential 
(N.H.E.), V 

- 
1.244 
I.244 
1.244 
1.239 
1.235 
1.222 

Temperature 28”; total curium concentration: O.OlM. 

Oxidation of Cerium”’ to Ceriumlv with Potassium Dichromate in a 
Strong Phosphoric Acid Medium 

We have observed that the reaction between ceriumII1 and chromiumv’ is so fast in 10.5-13.5M 
phosphoric acid that a direct potentiometric titration of cerium 111 is possible with potassium di- 
chromate at room temperature. When the concentration of phosphoric acid is 10.5M at the end of 
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the titration, the reaction is somewhat slow so that near the equivalence pomt it is necessary to wait 
for about 6 min to obtain steady potentials. Hence we carried out the electrometric titration of 
ceriurn”’ with potassium dichromate at room temperature maintaining the concentration of phos- 
phoric acid at about 12M at the equivalence point. 

Several experiments have shown that “Pro Analysi” grade phosphoric acid works quite satis- 
factorily as a titration medium. The potential break is about 5&60 mV/0.04 ml of 0.2N potassium 
dichromate when the titration solution is about 50 ml. AnalaR phosphoric acid of British Drug 
Houses Ltd., England, and reagent-grade acid of May and Baker, England, have also been found to 
give correct equivalence points, but the potential breaks are about 10 mV less. 

Procedure 

About 2-10ml of solution, containing about 30-120mg of ceriumI”, are taken in a 150-ml 
Pyrex beaker and treated with the requisite volume (40-50 ml) of 90”6 phosphoric acid. The rest 
of the procedure is similar to that already described for manganese II.*O 
the poientials are noted after waiting for’3 min. 

Near the equivalence point 

Because the potential break at the equivalence point is not very high, the equivalence point of 
the titration is best read from the curve obtained by plotting AE/AV against V. A representative 

1500 r 

Volume of potosslum dlchromote, ml 

FIG. 2.-Potentiometric titration of cerium”’ (83.50 mg) with potassium 
dichromate in 12M phosphoric acid. 

cume of this type is shown in Fig. 2. A large number of determinations of cerium”* have been 
carried out in this manner and some typical results are given in Table II. The results show that the 
error of the determination is less than *0.35?,. 

Interferences 

Interference from chloride and nitrate is similar to that found in the determination of maga- 
nese”.*6 Fluoride interferes because it forms a precipitate with cerium**I, with a consequent slbwing 
down of the reaction between cerinmlll and chromiumvx. Iron”, uranium’v, vanadium’v,*g 
molybdenumv, arsenic+*, antimonylll, manganese*x,P6 and lower valency states of tungsten are also 
oxidised by potassium dichromate under the conditions proposed for the titration of cerium”‘. 
However, iron” does not interfere in the determination of cerium”’ by this method, because two 
different breaks in the potential uersus votime curve are obtained, one corresponding to the oxidation 
of iron” to iron”’ and the other corresponding to the oxidation of cerium”* to cerium*v. Cobalt”, 
nickel”, iron”‘, tungstenv’, molybdenumvl, uraniumvl, chromiumlI1, cerium’v, copper”, zinc”, 
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TABLE II.-POTENTIOMETRIC TITRATION OF CERIUMIII 
WITH POTASSIUMDICHROMATEIN 12MPHOSPHORICACID 

Ceriumrir taken, Ceriumiii found, 
mP ?? 

31.54 31.65 
45.85 45.74 
51.29 51.29 
69.18 68.96 
72.88 72.88 
92.06 91.94 
95.06 95.06 

113.4 113.6 

thoriumKv and vanadiumv do not interfere (see Table III). Calcium, magnesium and aluminium 
also do not interfere. Sulphuric and perchloric acids do not interfere up to an over-all concentration 
of 1N. In the presence of thallium’ the potential break at the equivalence point is considerably 
reduced (from about 60 mV to about 10 mV/0.04 ml of 0.2N potassium dichromate solution), but 
the equivalence point is not affected. 

TABLE III 

Addenda 
Amount added, Ceriumrrr found, 

“g mg 

Cobaltri 
Cobalttr 
Nickel” 
Nickelrr 
Cobaltrr 
Nickel” 
IronlI1 
Iron11r 
ChromiumIII 
Chromiumrrr 
Iron”’ 
Molybdenumvr 
Uraniumvl 
Uraniumvt 
Molybdenumvr 
Ceriumlv 
Tungstenvr 
Copper” 
Zinc” 
Copper” 
Zinc” 
Thorium Iv 
VanadiumV 

64.45 
32.22 
65.73 
32.86 
32.22 
32.86 
55.85 
27.92 
20.80 
10.40 
50.26 1 
95.95 
59.90 
35.70 
57.57 I 
70.05 
86.80 

253.0 
264.0 
253.0 
264.0 
116.0 
25.50 

83.28 
83.50 
83.50 
83.28 

83.50 

83.50 
83.50 
83.50 

83.28 

83.50 
83.50 

83.28 

83.50 
8350 
83.50 
83.50 

83.72 

83.50 
83.50 

Cerium”’ taken: 83.50 mg. 

Determination of Iron11 and Cerium”’ in Mixtures 

When a mixture of iron” and cerium r1r is titrated with potassium dichromate in 12Mphosphoric 
acid under a carbon dioxide atmosphere, two breaks are obtained, the first corresponding to the 
oxidation of iron” to iron”I and the second corresponding to the oxidation of cerium”r to cerium’v. 
At the equivalence point for iron” one has to wait for 6 min for the attainment of stable potential, 
the potential break being about 500mV/0~04mI of 0.2N potassium dichromate solution. Pre- 
cautions must be taken to expel even traces of oxygen from all solutions and to prevent oxygen 
leaking into the titration vessel during the titration, iron rr being very much more susceptible to 
aerial oxidation in 12M phosphoric acid. If there is any doubt, the result for iron” can be checked 
on a separate aliquot of the mixture by titration with potassium dichromate in O.SM sulphuric acid 
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either with a potentiometric or a visual end-point using diphenylamine sulphonic acid as indicator. 
The determination of ceriumttI 1s not affected by the presence of oxygen, unlike that of irontr. 

Some typical results for the determination of iron” and cerium”’ in the same aliquot of solution 
are presented in Table IV. These show that the error of determination of iron” is not greater than 
-05% and that for ceriumtrt kO.396. A typical curve showing the relation between potential and 
volume of oxidant is shown in Fig. 3. Because the potential break for the cerium part is not high, a 
plot of AE/AV versus V is recommended (Fig. 3 inset) for the cerium part of the titration. If it is 
required to determine ironttr and ceriumtv in admixture, the solution can be passed through a 
Jones reductor and the resulting iron” and cerium”I 
than by any of the existing procedures. 

assayed more conveniently by the above method 

TABLE IV.-DIFFERENTIAL POTENIIOMETRIC TITRATION OF IRONII 

AND CERIUM*'I 

Iron,II mg 
Taken Found 

23.34 23.24 
5537 55.25 
61.81 61.57 
33.55 33.43 
25.22 25.10 
28.74 28.63 

Ceriumxrl, n7g 
Taken Found 

-- 
46.20 46.26 
54.51 54.64 
44.81 44.81 
67.69 67.79 
92.17 92.40 
51.14 51.26 

I 
0 I 2 3 4 5 6 7 

Volume of potosslum dlchromate, ml 

-_J 
a 

FIG. 3.-Potentiometric titration of a mixture of iron” (25.10 mg) and ceriumr*r 
(92.40 mg) with potassium dichromate in 12M phosphoric acid. 

Determination of Vanadiumlv and Ceriumlll in Mixtures 

We have observed that only one break is observed in the potential versus volume curve when a 
mixture of cerium”’ and vanadium Iv is titrated potentiometrically with potassium dichromate 
in 12M phosphoric acid. This break corresponds to the simultaneous oxidation of ceriumttr and 
vanadiumrv to ceriumrv and vanadiumv, respectively. When an excess of iron” (sufficient to 
reduce vanadiumrv to vanadium”’ ), is added to the mixture of ceriumrii and vanadiumtv and the 
titration carried out in 12M phosphoric acid in air with potassium dichromate, however, three. 
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different breaks are obtained. The first break corresponds to the oxidation of unreacted ironrr to 
ironrit, the second break to the oxidation of vanadium*il to vanadium’v and the third break to the 
simultaneous oxidation of vanadiumrv and ceriumr” to vanadiumv and ceriumiv, respectively. 
From these three titres the amounts of vanadium’” and ceriumlil present in the mixture can be 
calculated. 

Procedure 

An aliquot of the mixture of vanadium iv and ceriumrir is taken in a 150-ml Pyrex beaker and 
an excess of approximately 0.2M iron” solution is added. The mixture is then treated with an 
amount of syrupy phosphoric acid such that its concentration is 12M at the third potential break in 
the titration. The mixture is stirred by means of an electromagnetic stirrer and titrated with potas- 
sium dichromate, using the potentiometric assembly already described. The potential obtained at 
the first break shows considerable drift and becomes stable only after 8 min. At the second and 
third breaks, however, the potential attains a fairly stable value m about 3 min. The potential jump 
at the first break amounts to about 120 mV, at the second to about 160 mV and at the third break to 
about 40 mV/0.04 ml of 0.2N potassium dichromate solution, when the total volume of the titration 
solution is about 50 ml. 

Some typical results given in Table V show that the method gives quite precise results for both 
vanadium’” and ceriumiir, the error for vanadmmiv being +0.3’% and that for ceriumiii 10.380/,. 

TABLE V.-DIFFERENTIAL POTENTIOMETRIC TITRATION OF 

VANADIUM~" ANLJ CERIIJM"'. 

Vanadium’“, m,g 
Taken Found 

Cermmi*i, n?r 
Taken Found 

20.38 20.38 45.95 45.95 
25.60 25.60 47.82 47.93 
26.93 26.89 38.12 38.12 
14.88 14.90 57.75 57.95 
11.16 11.19 43.89 44.00 
31.24 31.32 28.87 28.76 

Determination of Iron”, Vanadium IV and Ceriumlxl in Mixtures 

From the foregoing it will be obvious that ironir, vanadiumrv and ceriumr** can be determined 
potentiometrically m the same solution with potassium dichromate in a strong phosphoric acid 
medium (12M at the third inflection point) at room temperature, provided an inert atmosphere is 
maintained during the titration and provided the amount of iron Ii is greater than that of vanadiumtv. 
However, if the mixture contains insufficient iron,” a known excess of iron” may be added to the 
mixture before the titration is carried out. The first break in potential corresponds to the oxidation 
of iron” to ironlrl, the second break in potential to the oxidation of vanadium”’ to vanadium’” and 
the third break in potential to the simultaneous oxidation of vanadium’” and ceriumr”. From these 
three titres the amounts of iron”, vanadiumrv and ceriumri’ present in the mixture can be calculated. 
Phosphoric acid should be added to the mixture only after it is freed from dissolved oxygen by 
passage of an inert gas and all necessary precautions are taken to prevent the leakage of air durmg 
titration. The potentiometric assembly and titration are the same as before. 

A typical potentiometric titration curve is shown in Fig. 4. Because the third break in potential 
is not high, a plot of BE/Av uerSuS V is recommended (Fig. 4 inset) for the vanadiumrv and ceriumirr 
part of the titration. Iron” can be determined with an error not exceeding -0.5%, vanadiumrv 
*0.3% and ceriumrri *0.38O& (Table VI). 

TABLE VI.-DIFFERENTIAL POTENTIOMETRIC TITRATION OF IRONI*, VANADILJM~~ AND CERIUMIII. 

Ironir, rng Vanadiumiv, rng Ceriumrii, mg 

Taken Found ‘I aken Found ‘I aken Found 

42.95 42.74 20.38 20.38 45.95 45.95 
46.62 46.40 25.60 25.60 47.82 47.93 
53.95 53.87 26.93 26.89 38.12 38.12 
32.16 32.00 14.88 14.90 57.75 57.95 
62.59 62.27 11.16 11.19 43.89 44.00 
41.02 41.02 31.24 31.32 28.87 28-76 
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FIG. 4.-Potentiometric titration of a mixture of iron” (42.74 mg), vanadiumxv 
(20.38 mg) and cerium”’ (45.95 mg) with potassium dichromate in 12Mphosphoric acid. 

~nal~sjs of Ceritrm in Minerals and Technical Products 

Monazite (Truuancore, India) 

About 10 g of the monazite sand is digested in a porcelain evaporating basin with 25 ml of 
concentrated sulphuric acid on a sand bath until most of the sulphuric acid is evaporated. It is then 
cooled and the mass leached with 1M sulphuric acid, filtered and made up to 250 ml in a volumetric 
flask. Ten-ml portions are withdrawn and titrated by the procedure already described for the 
determination of ceriumXKx. None of the rare earths and thorium present in the sample interfered 
(Table VII). 

Technical Cerium Carbonate (Indian Rare Earths Ltd., Alwaye, India) 

About 6 g of sample is treated in a 600-ml Pyrex beaker with 25 ml of sulphuric acid (I: 1). After 
the reaction is complete, make up to 250 ml in a volumetric flask. The solution contains mostly 
cerium”I and some cerium’v. The ceriurn~I1 present is determined by treating 10 ml of the solution 
with 50 ml of syrupy phosphoric acid and titrating potentiometrically with potassium dichromate 
solution. The total cerium in the sample is determined by treating 10 ml of the solution with an 
excess of iron”, then with phosphoric acid so that the over-all concentration is 12M at the end-point 
and titrating in air with potassium dichromate using a potentiometric end-point. The first break is 
neglected; the volume of titrant added between the first and second breaks corresponds to the 
ce.riumI1r. Results are presented in Table VII. 
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TABLE VII 

Sample 
--__ 

Monazite 

Technical 
cerium 
carbonate 

Cerium found by Cerium found by method 
new method, y0 of Willard and Your@, o/0 

24.12, 24.20, 24.12 24.09, 24.20, 24.16 
Av. = 24.15 Av. = 24.15 

46.03,46.15,46.09 46.14, 46.10, 46.20 
Av. = 46.09 (total cerium) Av. = 46.15 (total cerium) 

39.96, 40.10, 39.96 
Av. = 40.00 (ceriumiir only) 

Acknowledgement-Two of us (P. K. R. and S. B. R.) thank the Council of Scientific and Industrial 
Research (India) for the award of a Junior Research Fellowship. 

Zusammenfassung-Der Gebrauch von Kaliumdichromat zur potentio- 
metrischen Bestimmung von Cerrrr in 12 bis 13,5 M Phosphorstiure 
bci Zimmertemperatur wurde untersucht. Die Methode, die bei 
30-120 mg Cer in 50 ml Titrationsliisung auf &0,35 % genau ist wurde 
auf die Bestimmung von Cer in Mona&sand und in technischem 
Cercarbonat angewandt. Es wurden such Methoden zur potentio- 
metrischen Differenzbestimmung von Eisen” und Gx~~~, Vanadiuml* 
und Cerrrr sowie von Eisenr’, Vanadium” und CerrII in derselben 
Losung entwickelt. 

R&nnn&On a ttudie l’emploi du bichromate de potassium pour le 
dosage potentiometrique du c&ium(III) en acide phosphorique 
12-13,5 M a temperature ambiante. La methode, qui est precise 
a *0,35x pour 30-120 mg de c&ium/50 ml de solution a doser, 
a Cte appliquee au dosage du c&urn dans le sable de monazite et 
dans le carbonate de c&ium technique. On a aussi elabore des 
methodcs de dosage potentiometrique differentiel de fer(II) plus 
ctrium(III), vanadium(IV) et c&ium(III), et fer(II) plus vanadium(IV) 
plus c&ium(III) dans le meme solution. 

REFERENCES 

1 G. Von Knorre, Z. Chem., 1897, 10,685. angew. 
2 G. L. Barthauer and D. W. Pearce, Ina’. Eng. Chem., Anulyt., 1946,18,419. 
s R. Lessnig, Z. anulyr. Chem., 1927,71, 161. 
4 G. Von Knorre, Z. Chem., 1897, 10, 717., Ber., 1900,33, angew. 1924. 
5 J. Sterba-Boehm and V. Matula, Rec. L%o. chim., 1925, 44,400. 
B L. Weiss and H. Sieger, Z. unu~yt. Chem., 1938, 113,305. 
7 R. Lana and J. Zwerina. ibid.. 1932, 91. 5. 
* H. H. Gillard and P. Ybung.~J. Amer. Chem. Sot.. 1928,50, 1379. 
0 M. A. Job, Compt. rend., 1899,128,101. 

lo L. Gordon and A. M. Feibush, Anulyt. Chem., 1955,27, 1050. 
I1 A. Waegner and A. Muller, Ber., 1903,36,282. 
la F. J. Metzger, J. Amer. Chem. Sot., 1909, 31, 523. 
rJ P. E. Browning and H. E. Palmer, Amer. J. Sci., 1908, 26, 83. 
I4 E. Strohbasch, Milt. Techn. Versuchsumtes., 1912, 1,45. 
I5 H. H. Willard and L. L. Merritt, Ind. Eng. Chem., Anulyt., 1942, 14,486. 
I6 K. Kimura and Y. Murakimi, Mikrochem. Mikrochim. Actu, 1951,36/37, 727. 
I7 J. J. Lingane and D. G. Davis, Anufyt. Chim. Actu, 1956, 15, 201. 
Is A. A. Noyes, D. de Vault, C. D. Coryell and T. J. Deahl, J. Amer. Chem. Sot., 1937,59, 1326. 
lo R. Lang, Z. unulyt. Chem., 1934,!?7, 395. 
ldO V. Lenher and C. C. Meloche, J. Amer. Chem. Sot., 1916, 38, 66. 
*I G. Goffart, Anulyt. Chim. Actu, 1948, 2, 140. 
%* T. L. Marple, E. P. Przybylowicz and D. N. Hume, Analyt. Chem., 1956,28,1892. 



A new oxidimetric reagent: potassium dichromate in phosphoric acid 

** 0. Tomicek, Rec. truu. Chim.. 1925,44,410. 
u C. F. Bricker and L. J. Loeffler, Anafyt. Chem., 1955,27, 1419. 
lb J. Dolezal, S. Rossler and J. Zyka, Coil. Czech. Chem. Comm., 1962, 27, 1031. 
a6 G. Gooala Rao and P. Kanta Rao. T&ma. 1963. 10. 1251. 

837 

, . 
I7 H. H. iWillard and P. Young, J. Amer. Chem. Sot., 19i9,51,139; Trans. Electrochem. Sot., 1935, 

67, 34-l. 
*I I. M. Issa and M. G. E. Allam, Z. unalyt. Chem., 1961,182,244. 
IIs G. Gopala Rao and P. Kanta Rao, Talanta, 1964.11. 



Talanta. IYh4. Vol. I I. pp. R39 LO 819. Perpamon Press Ltd 

STUDIES IN THE RELATIONSHIP BETWEEN MOLECULAR 
STRUCTURE AND CHROMATOGRAPHIC BEHAVIOUR-I* 

BEHAVIOUR OF SOME NITROPHENOLS CHROMATOGRAPHED 
ON ALUMINA-IMPREGNATED SURFACES 

L. S. BARK and R. J. T. GRAHAM 
Department of Chemistry and Applied Chemistry, Royal College of Advanced Technology 

Salford 5, Lancashire, England 

(Received 30 September 1963. Accepted 2 February 1964) 

Summary-A series of nuclear-substituted nitrophenols has been 
chromatographed on various papers (cellulose, alumina-impregnated 
cellulose and alumina-impregnated glass fibre), using a simple non- 
polar developing solvent (anhydrous cyclohexane). From a con- 
sideration of the Rr valuesobtained, it issuggested that thesecompounds 
are mainly chromatographed by an adsorption process. As a first 
approximation the mechanism postulated is one of intermolecular 
hydrogen bonding between the nitro, phenolic and/or halogen groups 
of the molecule and the hydroxyl groups considered to cover the 
impregnation. This bonding is modified by the intramolecular hydrogen 
bonding of the nuclear substituents. The significance of electronic 
and steric effects is considered. It is suggested that because of the 
ease of delocalisation of electronic effects in these nuclear systems, no 
group or atomic chromatographic parameters can be assigned. 

IN the general field of chromatographic separation of phenols several techniques 
have been used, viz., gas chromatography,1*2 electrophoresis,3 paper chromato- 
graphy,4s6 column chromatography with silica gel as the adsorbent,6*7 thin-layer 
chromatographys,9 and paper impregnated with polyamideslo and formamide.‘l 

Work relating structure and chromatographic behaviour has been mainly con- 
cerned with alkylated phenols chromatographed on paper,5 although Carlton and 
Bradbury separated alkyl phenols on silica gel and showed that the adsorption of 
these phenok is considerably influenced by the size and position of the alkyl group. 

Very little work has previously been done on the effect of nuclear substituents, 
except for that of Smith’ who investigated a small number of phenols containing 
halogen, nitro, amino and oxygen groups. He suggested modes of adsorption, but 
these could not be adequately substantiated on the relativity haphazard choice of 
phenols used, although there is no doubt that hydrogen bonding between the silica gel 
and the phenol plays a dominant role in the chromatography of these compounds. 

The polyamides and formamide used to impregnate some papers studied, also 
bind the phenols through hydrogen bonds and using both 10% and 157” fiylon- 
impregnated papers, Martin and HusbandlO showed that the Rf values decreased with 
increase in the nylon percentage when the phenols were eluted with a cyclohexanel 
acetic acid mixture or with dilute aqueous acetic acid. 

* Presented in part at a Joint Meeting of the Institute of Chemistry of Ireland and the Scottish 
Section of the Society for Analytical Chemistry, held in Dublin, 5 September, 1963. 
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Both Marcinkiewicz and coworker? and Martin and HusbandlO have been able 
to show that the number of carbon atoms in the side chain of a single unknown alkyl 
phenol or the several homologues of a mixture of straight chain alkyl phenols may 
be determined from Rr or R, values of related compounds, because each methylene 
group has a definite parameter in a particular chromatographic system. Marcin- 
kiewicz and coworkers were able to calculate AR,, values for branched side chains 
and whilst it was noted that the change in R %I or Rf caused by nuclear substitution 
was less than that caused by side-chain substitution, very few phenols were studied 
to substantiate or extend this correlation. 

The present authors have investigated 38 nitrophenols with various nuclear 
substituents, and have chromatographed them on papers impregnated with different 
amounts of alumina in a standard solvent system. The effect of these various sub- 
stituents on the hydrogen bonding in the system has been studied and to simplify the 
over-all system and minimise hydrogen bonding between the phenols and the develop- 
ment solvent, anhydrous cyclohexane was chosen as the solvent. 

The surfaces used were: 
EXPERIMENTAL 

(1) cellulose paper (Whatman No. l), 
(2) cehulose paper (Whatman No. 1) impregnated with 20/, of alumina, 
(3) cellulose paper (Whatman No. 1) impregnated with 7.5% of alumina, 
(4) glass fibre “paper” (Whatman) impregnated with 75% of alumina, 
(5) cellulose paper (Schleicher and Schull No. 288) impregnated with 25% of alumina. 
Each type of paper was from one particular manufactured batch and was supplied impregnated 

by the manufacturer. All papers were stored under the same conditions. 
In order to obtain accurate and reproducible results, all other necessary conditions werestandard- 

ised as previously discussed.” 

Pretreatment of papers 

Because the papers are hygroscopic, to ensure a standard moisture content, all papers were dried 
at 110” for 15 min, allowed to cool in an evacuated desiccator for 20 min, then the vacuum slowly 
released with dried air. 

Application of phenols and development conditions 

All papers were run in the “machine direction” of the fibres. To ensure that the original solvent 
front was a known and fixed distance from the point of application of all spots, the position of the 
starting point of each substance was first marked on every paper used. 

2.5 ~1 of a 0.25% w/v solution of the chromatographically pure phenol in n-butanol were applied 
as quickly as possible. To prevent dispersion of the solute, a current of warm air was blown onto 
the paper during application. The loaded papers were then placed at a fixed position over a solvent 
trough in a tank thermostatted at 25” & 0.5”. The tank atmosphere had been previously saturated 
with solvent vapour by keeping approximately 100 ml of solvent in two small beakers in the tank, 
and hanging strips of filter paper, wet with the solvent, on the inside walls of the tank. The papers 
were allowed to stand for 10 min to enable saturation conditions to be regained, then a standard 
volume (200 ml) of the anhydrous cyclohexane was placed in the solvent trough and the phenols 
chromatbgraphed by an ascending technique. _ 

The leneth of run from each line of annlication to the solvent front was 22-23 cm. The time of 
each run va>ed, depending on the amouni6f impregnation and the type of support fibre. The greater 
the amount of impregnation, the longer the trme required for the solvent to move the standard 
distance. On the glass fibre paper, which had a noticeably more open weave than the cellulose 
papers, the solvent moved fairly rapidly. 

Solvent 

Cyclohexane (MFC grade, Hopkin and Williams Ltd., U.K.) was dried over sodium wire, then 
‘fractionally distilled. The fraction boiling at 83-4” at 760 mm of pressure was collected. This treat- 
ment ensured that the solvent was anhydrous. The purity was further assessed by gas-liquid chroma- 
tography, using a Celite column and a dinonyl phthalate stationary phase, at a column temperature 
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of 80”. A Pye Argon chromatograph was employed. Only one peak was obtained on the record 
chart, indicating only cyclohexane to be present. 

Phertols 

All crude phenols were purified by recrystallisation from a suitable solvent until the melting 
point agreed with literature values and only one spot appeared on any chromatographic run. 

Detection of spots 

Although the nitrophenols are coloured, irradiation with ultraviolet light sharply defined the 
spot perimeters, enabling accurate measurement to be made. 

RESULTS 

The results are shown in Table I. Each result is the average of at least three runs, 
the difference between the Rr values of any two runs being not more than f0.01 of 
an Rr unit, except where stated. In these cases (marked * in all tables) the difference 
is not more than &O-O2 of an Rr unit. 

On untreated cellulose paper it can be seen that the number of nitro groups in 
the phenol has a profound effect on the chromatographic behaviour. 

Mononitro compounds having the nitro group in the 2-position and one or two 
other substituents all travelled to the solvent front, discrete spots, slightly elongated 
in a direction parallel to the solvent front, being formed. Mononitro compounds 
with the nitro group in the 3- or 4- position and with no more than one other substituent, 
gave discrete spots elongated in the direction of the solvent flow. Mononitro com- 
pounds with the nitro group in the 4-position and with two other substituents may 
be classified into: 

(a) Those having 2,6_substituents with one electronegative group. These all gave 
discrete spots in the solvent front. 

(b) Those having 2,6+ubstituents with two electronegative groups. These were 
badly streaked, giving a distinct main spot not separated from the streak. The Rr value 
of these main spots was fairly high in all cases. 

For dinitro compounds with a substituent in the 2-position, the spot moved, but 
was badly streaked. The amount of movement depended on the electronegative 
character of the other substituents, the more electronegative substituents giving 
compounds with low Rr values. The 3,5dinitro compound had a low Rr value. The 
spot was small and discrete. Only one trinitro compound was chromatographed. 
This had a very low Rr value. 

On alumina-impregnated papers the Rr values rapidly decreased with increase in 
the amount of impregnation; with 25% of alumina only four phenols (2nitropheno1, 
2-nitro4-methylphenol, 2-nitro-6-methylphenol and 2-nitro-4-tert-butyl-6-methyl- 
phenol) moved and the greatest Rr recorded (for the latter two) was only 0.06 Rf unit. 

There was, in general, a slightly lower Rr value for phenols chromatographed on 
the alumina-impregnated glass fibre paper. Slight variations are thought to be 
caused by variations in the texture of the glass fibre paper, which was not of as uniform 
an appearance as the cellulose papers. 

The area of the spots diminished with increase in the amount of impregnation. 
Compounds which gave streaks on the untreated cellulose paper gave discrete spots 
on the 2% alumina-impregnated papers. 
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TABLE I.-Rr VALUES ON THE VAato~s SURFACES IwE~TK,ATE~ 

Phenol 

2-Nitro- 
3-Nitro- 
4-Nitro- 
Z,CDinitro- 
2,6-Dinitro- 
3,SDinitro- 
2,4,6-Trinitro- 
2-Nitro-Cchloro- 
2-Nitro-4-bromo- 
2-Nitro-Cmethyl- 
2-Nitro-Smethyl- 
2-Nitro-6-methyl- 
4-Nitro-2chloro- 
4-Nitro-2-methyl- 
4-Nitro-2-sec-butyl- 
4-Nitro-2-cyclohexyl- 
2-Nitro-4-chloro-6-bromo- 
2-Nitro-4,6-dibromo- 
2-Nitro-4,6-di-iodo- 
2-Nitro-4-methyl-6-bromo- 
2-Nitro-4-bromo-6-methyl- 
2-Nitro-4-chloro-S-methyl- 
2-Nitro-4-tert-butyl-6-methyl- 
4-Nitro-2,6-dibromo- 
4-Nitro-2,6-di-iodo- 
4-Nitro-2-chloro-6-bromo- 
2,4-Dinitro&chloro- 
2,4-Dinitro-6-bromo- 
2,4-Dinitro-6-iodo- 
2,4-Dinitro-6-methyl- 
2,6-Dinitro-4-methyl- 
2,6-Dinitro-4-tert-butyl- 
2-Bromo-4-nitro-6-methyl- 
2-Bromo-4-nitro-6-ethyl- 
2-Bromo-4-nitro-6-isopropyl- 
2-Bromo-Cnitro-6-sec-butyl- 
2-Bromo-4-nitro-6-tert-butyl- 
2-Bromo-4-nitro-6-cyclohexyl- 

(1) (2) (3) (4) (5) 

I.00 1.00 0.28 0.28 0.04 * 
0,13# 0.04 0.02 a.00 0.00 
O.OW 0.04 0.02 0.00 0.00 
0.98 0.08 0.04 o.ao 0.00 
0.9a 0.04 0.00 0 00 0.00 
0.05” 0.02 0.00 0.00 0.00 
0.02” 0.00 0.00 0.00 0.00 
1 .oo 0.82* 0.21 0.14 0.00 
1 .oo o.s3* 0.24 0.17 0.00 
1.00 092 0.51 0.50 0.03 
1.00 1.00 0.43 0.29 0.00 
1.00 1.00 0.30* 0.33 0.06 
0.36 0.08 0.04 0.00 0.00 
0.3d 0.05 0.01 0.00 0.00 
0.36 0.08 0.02 0.00 0.00 
0.2 0.06 0.02 0.02 0.00 
0.5 0.56 0.05 0.05 o.co 
1.00 0.60 0.06 0.04 0.00 
1.00 0.79 0.08 0.00 0.00 
1.00 0.89 0.10 00.6 0.00 
1.00 0.96 0.25 0.23 0.00 
1.00 0.94 0.27 0.14 0.00 
1 .oo 1 .oo 0.77 0.79 0.06 
0.75c 0.10 0.00 0.00 0.00 
0.F 0.11 0.02 0.02 o-00 
0.75c 0.10 0.00 0.00 0.00 
0.7a 0.04 0.00 0.00 0.00 
0.8* 0.04 0.00 0.00 0.00 
I.008 0.07 0.00 o.ao 0.00 
1.008 0.58 0.10 0.07 0.00 
1 .OOb 0.16 0.02 0.02 0.00 
1 .OO” 0.20 0.04 0.02 0.00 
1 .oo 0.50 0.12 0.06 04o 
1 .oo 0.64 0.19 0.10 0.00 
1.00 0.15 0.29 0.13 0.00 
1 .oo 0.72 0.33 0.05 0.00 
1.00 0.88 0.56 0.38 0.00 
1.00 0.73 0.28 0.10 0.00 

- 
a Spots badly streaked, with streak from starting point to an area of greatest spot density at 

value indrcated. 
b Spot mainly reached solvent front, but also badly streaked. 
c Spot badly streaked; all has moved from starting point. 

Main spot density clearly visible with centre at value given. 
There was no separation of spot and streak. 

d Discrete spots of relatively small area, but base of spot on starting line. 
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DISCUSSION 

It is thought that the mechanism of the chromatographic separation of the phenols 
studied is essentially a two-stage process: 

(i) Dissolution of the phenol in the non-polar cyclohexane. This will be favoured 
by the formation of internal hydrogen bonds with the hydrogen of the phenolic 
group and an electronegative atom of a group in the 2-position, which will reduce 
the over-all polarity of the phenol. 

(ii) Adsorption of the phenol onto the substrate by means of hydrogen bonds formed 
between electronegative groups or atoms of the phenol and hydrogen atoms of 
hydroxyl groups of the surface. 

If either of these processes predominates then the spot will be discrete. If neither 
predominates, the spot will streak. If the polarity of the system is increased by in- 
creasing the polarity of the substrate, then the spots which previously streaked will 
appear as discrete spots. 

Because a small increase in the amount of impregnation of the cellulose greatly 
decreases the Rr values of the phenols, it is suggested that in this fairly simple polar/ 
non-polar system, the partition of the phenols between these two phases on impreg- 
nated papers, is mainly caused by the adsorption onto the alumina. 

The glass fibre paper generally shows more adsorption of the phenols than does 
the cellulose paper with the same amount of alumina impregnation. It is, however, 
less uniform in texture than the cellulose paper and this may account for some non- 
parallelism of the results. The silica skeleton of the glass fibre paper may account for 
some of the increased adsorption. 

For a detailed study of the mechanism of the chromatographic process it was 
decided to use mainly the results from the 2% and 7.5% impregnated papers (cellulose 
and glass fibre), but to consider for ‘trend’ purposes the over-all behaviour of the 
phenols compared. 

We think that the main mechanism of the process will be essentially adsorption 
chromatography, because it is not possible that the papers will have a sufficiently 
high water content to enable a surface layer of water to be obtained on the fibres. 
The mechanisms which are responsible for adsorption by solids from liquids are: 

(i) non-poIar van der Waal’s forces, 
(ii) formation of hydrogen bonds or operation of other non-ionic polar forces, 
(iii) covalent bond formation, 
(iv) ion exchange. 
In any system more than one of these may operate, but we are concerned only with 
the forces listed under (ii); of these, hydrogen bond formation is the most important. 
There is little evidence that other non-ionic polar forces have much influence on 
adsorption processes from dilute solutions. l3 Some attempts have been made to 
demonstrate their operation but the evidence is equivocal. 

Hydrogen bonding in adsorption of phenols from solution by solids has been 
reasonably well established for various adsorbatcs, including alumina.13 Bernall has 
stated that many, if not all, so called oxide surfaces are effectively hydroxyl covered 
at ordinary temperatures, and that relatively stringent conditions of high temperatures 
and low pressures do not completely remove the hydroxyl groups. We consider that 
with the conditions used for this work, the impregnated papers must be impregnated 
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with alumina which is wholly or substantially hydroxylated and this phenomenon 
will give rise to the following possible hydrogen bond systems with the phenolic 
group, the nitro group and probably some halogen groups: 

6) Ar-0. . . ~-(&I~-~~ 
I 

H 

/” 
. . . ,,!,<,k,i 

(ii) -N 
/A /I 

\ I 
0. . . H-O-Al- 

/I 

(iii) -Halogen . . . H-0-/!,!O-A,! 

/I /I 

biv) Ar-O-H * . . ,_&_/y 
/I /I 

Graham and Stone16 have shown that (iv) is unlikely and may be considered to 
make an insignificant contribution to the complete system. 

Desorption takes place primarily as a breaking of these hydrogen bonds by the 
forces of dissolution of the non-polar part of the molecule in the non-polar phase 
(anhydrous cyclohexane) of the system. 

Because each phenol has two possible points of attachment to the hydroxylated 
surface, it is likely that if the phenol can lie in the plane of the adsorbent surface, 
then the Rr value will be low because of the high probability of adsorption on the 
polar phase. 

’ 
i 

The factors which may @II& the ad&@iqn (and hence the ‘Rr values) &hese 
phenols are : 

, 

_ (0 

(ii) 

(iii) 

(iv) 

Internal hydrogen bonding of the phenolic group with a nitro group, or a halogen 
group, in the 2-position, decreasing the probability of external hydrogen bonding 
by any of the groups. This internal hydrogen bonding will decrease the adsorp- 
tion and hence increase the Rt value. ,5’/’ 
Electronic or steric effects altering the strength of this internal hydrogen bonding. 
The effect on the adsorption will depend upon the nature of the group. 
Bulk effects-the effects of groups causing some of the non-polar part of the 
molecule to be held away from the polar surface and hence held in the non-polar 
phase. This effect will decrease the adsorption. 
The bonding of the molecule to the polar layer by a nitro group or halogen group, 
not involved in internal hydrogen bonding with the phenolic group. . . . 

These factors may not always be acting alone and it is very unlikely that steric 
and electronic effects can be entirely separated. 

Consider internal hydrogen bonding between the phenolic group and a nitro group 
in the 2-position. The results in Table II show that chelation of the 2-nitro group 
with the phenolic group greatly reduces the availability of either for bonding to the 
polar layer. 

The effect of internal hydrogen bonding between the phenolic group and a halogen 
atom may be seen by a consideration of the results in Table III. 
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TABLE II 

Phenol RUSI RiW 

2-Nitro- 1.00 0.28 
3-Nitro- 0.04 0.02 
CNitro- 0.04 0.02 

Z,CDinitro- 0.08 0.04 

TABLE III 

Phenol 

CNitro- 0.04 0.02 
2-Chloro4nitro- 0.08 0.04 
2-Methyl-rl-nitro- 0.05 0.01 

The 2-chloro group is apparently involved in hydrogen bonding with the phendlic 
group, because when a methyl group replaces a chloro group there is a consequent 
decrease in the Rr value. A comparison of the results obtained from 4nitrophenol 
and 2-methyl-4nitrophenol indicates that a methyl group, substituted in the Zposi- 
tion, has very little effect on the adsorption of the phenol. 

The effect of substituents on the bonding between the phenolic group and the 
2-nitro group may be seen by considering the series 2-nitro-4-(R)-phenol (see 
Table IV). 

TABLE IV 

R RfW RM Rrtr, 

Hydrogen l+lO 0.28 0.28 
Chloro 0.82* 0.21 0.14 
Bromo 0.83. 0.24 0.17 
Methyl 0.92 0.51 0.50 

For comparison purposes, other than to show trends, Rr values above 0.80 are 
ignored. Hence, considering values obtained on 75% alumina-impregnated paper 
and ignoring (for simplification) any possible mutual attachment of the 4-group and 
the polar adsorbent, the results shown in Table IV may be explained as follows. In 
spite of the greater inductive effect of the 2-nitro group, the presence of a Chalogeno 
substituent must slightly weaken the intramolecular hydrogen bonding, and hence 
slightly enhance the availability of the nitro and phenolic groups for intermolecular 
hydrogen bonding with the hydroxyl covered surface. The presence of a Cmethyl 
group will have an opposite effect. 

The nitro group has a strong inductive effect, and whilst the variation in the results 
from the phenols shown in Table V may be considered to be partly because of the 
electronic effects of the substituents, it is considered that in this case the electronic 
effect of the methyl substituent is probably very small in comparison to the effect of 
the second nitro group placed in the nucleus and giving a further position of attach- 
ment to the polar surface. 

A consideration of steric models indicates that substitution of a methyl group 
in the 6-position does not affect the ease of rotation of the phenolic group. When 
the phenol is attached to the polar adsorbent by the nitro and bromine groups, the 
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6-methyl group can lie in the plane of the organic molecule and hence the bulk 
effect, which may increase dissolution in the non-polar phase of the system, can be 
considered to be negligible. 

TABLE V 

Phenol Rrts, Rrw RWZI 
-___-___-__~~ ____--_____ 

2-Nitro- 1 .oo 0.28 0.28 
2-Nitro-6-methyl- 1.00 0.30* 0.33 
2,6-Dinitro- 0.04 0.00 0.00 

Consideration of the results obtained with the series 2,4-dinitro-6-R-phenol (see 
Table VI), indicates that the same reasoning may be applied to slightly more complex 
molecules. 

TABLE VI 

R 
- 

Hydrogen 
Chloro 
Bromo 
Iodo 
Methyl 

RI,,, RfW 

0.08 004 
0.04 0.00 
0.04 @OO 
@07 0.00 
0.58 0.10 

In a phenol having more than one such group, the et%cts may be additive, if 
similar, but if they are in opposition then the position of the group relative to the 
chelate system becomes important. 

Consider groups having the same effect (Table VII). 

TABLE VII 

Phenol 

2-Vitro-4-chloro- 
2-NitroG-chloro-6-bromo- 
2-Nitro-4-bromo- 
2-Nitro-4,6-dibromo- 
2-Nitro-4,6-di-iodo- 

Rrcw RfW 

0.82; 0.21 
0.56 0.05 
0.83* 0.24 
0.60 0.06 
0.79 0.08 

Here me effect of two halogen atoms is apparent. 
With 2 alkyl groups, as in Table VIII, the large increase in Rr values with the 

substitution of a 4-tert-butyl group is probably caused by the bulk effect of this group. 
Steric models indicate that a large proportion of this hydrocarbon group is held out 
of the plane of the polar adsorbent, and hence in the non-polar phase of the system. 

TABLE VIII 

Phenol R 112) 
- - ..____ 

2-Nitro-6-methyl- 1 .oo 
2-Nitro-4-tert-butyl&methyl- 1 .oo 

R 1191 

0.30* 
0.77 
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With substituents having opposing electronic effects (Table IX), the relative 
positions of all groups must be considered. It is improbable that the 6-bromo group 
takes part in internal hydrogen bonding, so that the 2-nitro group will effectively 
capture the phenofic hydrogen. Afthongh the position of the substituent plays a part 
in determining the total effect, each group will stiI1 give (qualitatively) the expected 

result. 

TABLE 1X 

Z-~itr~metby~~bromo- 0.89 @lo 
2-Mtro-4-bromo-dmethyl- 0.96 0.25 

The bulk effect may be both electronic and steric in origin. Whilst there is a 
difference in the atomic sizes of the halogen atoms, their electronic effects are very 
closely related to the size effect, and in nuclear-substituted phenols, because of the 
close proximity of the substituents to the nucleus, there is probably interaction 
between the nuclear rr-electronic orbitals and the d-orbitals of the halogen. We 
suggest, therefore, that independent steric effects of the halogens cannot be considered. 
With alkyl substituents t,his electronic interaction with the benzene nucleus will be 
much reduced, and the steric effects are relatively more pronounced. 

Consider the results (Table X) obtained from phenols held in the plane of the 
adsorbent by intermolecular hydrogen bonding between the hydroxyl of the polar 
surface and both the phenolic group and the 4-nitro group, 

TABLE X 

4-Puitro- 004 
4-Nitru-Zmethyl- 0.05 
4-Nitro-2-sec-butyl- 0~08 
4-Nitro-2-cyclohexyl- 0.06 

4-Mtro-2-bromo&-methyl- 
~~~tr~2-~om~thy~- 
~~itr#-2-bromod-i- 
~Nitr~-2-br~rn~~~~-buty~- 
4-Nitro-2-bramo&ert-butyi- 
4-Nitro-2-bromo-&cyclohexyl- 

- 
0.50 
0‘64 
@75 
0.72 
0.88 
0.73 

0.02 
@Ol 
0.02 
0.02 

0420 
o*oo 
0.00 
0.02 

O”12 O-06 
0.19 O*IO 
0.29 0=13 
0.33 0.05 
056 0.38 
0.28 0.10 

TIae adsorption and the amount of hydrocarbon held in the non-polar phase is 
generally reflected in the Rr values obtained. Models indicate that the tert-butyl 
group isby far the bulkiest group, but a study of models alone cannot give the compIete 
explanation, In 2,6-dinitro-4-tert-butylphenol and 2,6-dinitro-4-methylphenol, 
models imdr2ate that the tert-butylphenol should have a much greater solubility in the 

.non-polar phase and hence a correspondingly higher Rf value than the methyl cqn- 
porand. The values in Table XI indicate that other effects must play a part, the Rr 
value of the methyl compound being higher than expected. It is suggested that the 
res&s may be explained by considering the inductive effect caused by the hyper- 
conjugation of the~4-methyl group with the benzene nucleus. This will tend to in- 
crease the amount of internal hydrogen bonding between the 2-nitro group and the 
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phenolic group and reduce the availability of either for intermolecular hydrogen 
bonding. The tert-butyl group cannot hyperconjugate with the nucleus and the main 
effect to be considered for this compound will be the bulk effect. 

TABLE XI 

Phenol 

2,6-Dinitro+methyl- 0.16 @02 
2,6-Dinitro+tert-butyl- 0.20 0.04 

The relatively large effect of an additional nitro group, the smaller effect of the 
halogens and the effect of variation in the polar nature of the substituent may be seen 
in Table XII. 

TABLE XII 

Phenol Rfta, Rto, 

2-Nitro- 
2,4-Dinitro- 
2,4,6-Trinitro- 

-.-- 
ZNitro-4-methyl- 
2-Nitro-4-chloro- 
2-Nitro-Cbromo- 

1.00 O-28 
0.08 0.04 
0.00 0.00 

0.92 0.51 
O-82* o-21 
O-83* 0.24 

4-Nitro-2chloro-6-bromo- 
4-Nitro-2,6-dibromo- 
4-Nitro-2,6-di-iodo- 

O-10 0.00 
0.10 0.00 
0.11 0.02 

2,4-Dinitro-6-methyl- 
2,4-Dinitro&chloro- 
2,~Dinitr~6-bromo- 
2,4Dinitro-6-iodo- 

0.58 0.10 
o-04 O@O 
O-04 0.00 
0.07 0.00 

CONCLUSIONS 

We think that, as a first approximation, the chromatographic behaviour of the 
nitrophenoIs is dependent on the amount of internal hydrogen bonding between the 
phenolic group, the nitro group and/or the halogens present, and the intermolecular 
hydrogen bonding between these groups and the hydroxyl groups of the substrate. 
This intermolecular bonding may be modified by the electronic effects of substituent 
groups. 

Whilst it may be possible to calculate chromatographic parameters (ARM values) 
for groups or atoms in simple alkylated phenols chromato~aph~ in relatively 
non-polar systems, where the system is essentially polar such parameters are not 
readily attainable. We suggest that because of the ease of delocalisation of electronic 
effects in a benzene nucleus, substitution of any group into this electronic system 
affects the whole molecule. The effect on the intermolecular bonding group or groups 
depends not only on the nature of the substituent but also on its position relative to 
theses bonding groups. This has been shown for other system~phenoxyacetic acids 
chromatographed in butanolic systems*6 -where the effects were not so apparent 
because of the insulating effect of the ether oxygen. We consider that it may be pos- 
sible to deduce approximate values for compounds from a knowledge of their structure 
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and the behaviour of related compounds and so to construct a chromatographic 
system of solvent and support to give effective separation of closely related compounds 
of known structure. 

Acknowledgements-The authors wish to acknowledge the gift of nitrophenols for this work from 
Dr. J. GaspariE (Institute for Organic Syntheses, Pardubice, Czechoslovakia) and from Dr. M. 
Martin-Smith (Department of Pharmaceutical Chemistry, The Royal College of Science and Tech- 
nology, Glasgow, Scotland), and the Chemical Society for a grant to one of us (R. J. T. G.) for the 
purchase of some of the papers used in this work. We would like to thank Professor L. Hunter for 
affording us discussion of some of the results. 

Zusamenfassung-Eine Anzahl kemsubstituierter Nitrophenole wurde 
an verschiedenen Tragem (Cellulose, Aluminiumoxyd auf Cellulose 
und Aluminiumoxyd auf Glasfaser) mit einem einfachen unpolaren 
Liisungsmittel (wasserfreiem Cyclohexan) zur Entwicklung chromato- 
graphiert. An Hand einer Betrachtung der RrWerte wird wahrschein- 
lich gemacht, daB diese Verbindungen im wesentlichen durch einen 
Ads&ptionsprozeB chromatographi& werden. In enter Niiherung 
beruht der vorgeschlagene Mechanismus darauf, da0 zwischen 
Nitro- und Phenolgruppen und/oder Halogenen im Moleklll und den 
Hydroxylgruppen an der Obe.r&che de-s Adsorbens Wasserstoffbrtlcken 
ausgebildet werden. Diese Bindung wird durch innermolekulare 
Wasserstollbrtlcken be&flu&. Die Bedeutung elektromerer und 
sterischer Effekte wird betrachtet. Wegen der leichten Delokalisation 
elektromerer Effekte in diesen aromatischen Kernen lassen sich keine 
Atom- oder Gruppenparameter fur das cbromatographische Verhalten 
angeben. 

R&nn&-On a chromatographie une s&ie de nitrophtnols substitu6s 
au noyau sur divers supports (cellulose, cellulose. impregn& d’alumine 
et fibre de verre impregnee d’ahunine) en utilisant pour le develop- 
pement un solvant simple non polaim (cyclohexane anhydre). A 
partir des considerations sur les valetus de Rr obtenues, on suggere 
que ces compos&s sont principale+nt chromatogra 
processus dadsorption. En premiere,~, 4 

f&s par un 
oximation. o suppose un 

m&anisme de liaison hydrogene i ntZ!Z? ’ ‘olbculaire entre le groupe 
nitro, le groupe phenolique et/au les groupes halogenes de la mol&nrle, 
et les groupes hydroxyles dont on considere recouverte l’impregnation. 
Cette liaison est mod&e par la liaison hydrogene intramol&tlaire 
des substituants nucleaires. Par suite de la facilite de delocalisation 
des effets Bectroniques dans ces syst&mes nt$l&ires, il semble qu’on ne 
puisse attribuer de parametres chromato&phiques de groupes ou 
atomiques. 
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Summary-Zinc 8-hydroxyquinaldate can be precipitated quantitatively 
from homogeneous solution with 8-hydroxyquinaldine generated by 
the hydrolysis of 8-acetoxyquinaldine. Separation studies indicate the 
superiority of this method over the conventional procedure using 
8-hydroxyquinaldine. 

8-HYDROXYQUINALDI~E was first reported in 1944 by Merritt and Walker1 as an 
analytical reagent for the determination of several metallic ions; since then several 
investigators have used 8-hydroxyquinaldine in analytical applications. 8-Hydroxy- 
quinaldine exhibits a significant difference in behaviour as compared with 8-hydroxy- 
quinoline, e.g., it will not precipitate aluminium whereas 8-hydroxyquinoline does. 
However, these two precipitants are similar enough chemically to have suggested 
the use of appropriate PFHS reagents 2*3 for the generation of 8-hydroxyquinaldine 
in much the same way that 8-hydroxyquinoline has been generated.&lO Thus, it 
was the purpose of this investigation to use 8-acetoxyquinaldine as a source of 
8-hydroxyquinaldine in the precipitation of zinc from homogeneous solution. 

Reagents EXPERIMENTAL 

Zinc: A stock solution of zincI was prepared by dissolving 2.0011 g of pure zinc sheet, 99.998 %, 
in 20 ml of 1 :l hydrochloric acid and diluting with water to one litre. The concentration of this 
solution was confirmed by EDTA titration, using Eriochrome Black T indicator. 
10~00,25~01, and 50.03 mg of zinc per 50 ml were prepared by further dilution. 

Solutions containing 

b-Acetoxyquinaldine: The reagent (Burdick and Jackson Laboratories, 1953 South Harvey St., 
Muskegon, Mich., U.S.A.) was stored in a desiccator, in a refrigerator, to minimise reagent hydrolysis. 
An acetone solution of the reagent was also kept in the refrigerator; 5 ml of this solution contained 
1.5 x the-theoretical quantity of reagent required to precipitate 50 mg of zinc. 

8-Hydroxyquina/dine: The stock solution was prepared by dissolving 5 g of the reagent (G. 
Frederick Smith Chemical Co., 867 McKinley Ave., Columbus, Ohio, U.S.A.) in 12 g of glacial 
acetic acid, and diluting to 100 ml with distilled water. 
stable for at least 2 months. 

Such a solution, kept in a refrigerator, is 

Diverse ions : Solutions of aluminium and magnesium were prepared by dissolving their sulphates 
in dilute sulphuric acid. The concentration of the aluminiumII1 solution was determined by precipita- 
tion with I-hydroxyquinoline, and that of the magnesium11 solution by EDTA titration. 

All other chemicals used were analytical-reagent grade. 

Precipitation of zinc 

In the reaction 

,< ‘, ’ c3;3 
+H,O+ 

0? -‘,I ’ 
+ CH,COOH, 

/ 
c/ 

/ 
H,C H, 

0-C-CH, OH 

il 

* Present address: Faculty of Science, Hokkaido University, Sapporo, Japan. 
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the rate of hydrolysis of S-acetoxyquinaldine increases with either increasing pH 
or increasing temperature of the reaction mixture. 

Preliminary investigations were undertaken to determine the optimum conditions 
of pH, concentration of reagents and temperature of reaction which would result in a 
precipitate with desirable physical characteristics (cJ Fig. 1). Precipitation was carried 
out in the pH range 4.5-7.0, with ammonium acetate as buffer. Below pH5.0, the 
precipitation of zinc11 was incomplete; anomalous results were obtained in the pH 

TABLE I.-DETERMINATION OF ZINC BY PREClPtlATlON AS THE 8-HYDROXYQUINALDATE 

Method of 
precipitation 

Con- Con- 
PFHS PFHS PFHS PFHS PFHS ventional PFHS ventional PFHS 

Reagent used0 “-;Qz 8-Ag?$ 8-AQD “;“,pd: I-AQD 8-HQD 8-AQD 8-HQD 8-AQ 
Zn taken, mg . 10-00 50.03 50-03 100.06 100.06 5003 
Zn found, mg -0.07 GO.03 -0.05 ~0.03 -0.08 -0.26 -0.21 +0*54 -0.03 
Difference, mg -0.04 -0.02 -@05 -0.01 ;-0.11 -0.33 -0.17 +0*5s o+o 

-0.06 ‘0.02 -0.05 -0.02 -0.03 -0.37 -0*25 +@58 -0.03 
-9.03” 
-0.13” 
-@I I’ 

Zn found in <O.Ol to.01 <O.Ol <PO1 <@Ol -0.05 <@Ol <O*Ol <WOl 
fillrate.c mm 

a 8-AQD = 8-acetoxyquinaldine; 8-HQD = 8-hydroxyquinaldine; 8-AQ = 8-acetoxyquinoline. 
b 10 ml of 20”; ammonium tartrate added to the solution before adding S-AQD. 
c Determined by photometric titration with O*OOl.\f EDTA solution after treating the filtrate with 
nitric-perchloric acid. 

range 5*5-6*0; i.e., some were low and some high. Desirable results were obtained at 
pH 6.5, with 1.5 x the theoretical quantity of 8-acetoxyquinaldine and the use of a 
temperature of 60-70”. 

Recommended procedure 

Dilute the solution, containing 10 to 50 mg of zinc, to about 175 ml, add 10 ml of 20% ammonium 
acetate solution, and adjust the pH of the solution to 6.5 with either l&f aqueous ammonia or 
1Macetic acid. Add slowly, with stirring, 5 ml of an acetone solution containing O-462 g of8-acetoxy- 
quinaldine, and dilute to 200 ml with water. Heat the solution for 2 hr at 70’, and filter hot, 
using about 100 ml of hot water (co. 80’) to transfer the precipitate to a medium-f& glass filter. 
Dry the precipitate at 130’ to constant weight (-6 hr), and weigh as Zn(CIOHBON)l; the gravimetric 
factor for zinc is 0.17125. (Note. When aluminium is present, add 10 ml of 20% ammonium 
tartrate solution before adjusting the PH.) 

Drying of zinc 8-fl~drox~quirlaidate 

The precipitate contains 1 molecule of water, which is removed by heating at 
130”. However, it requires 5-6 hr to obtain constant weight. Attempts to reduce 
the drying time, e.g., by drying the precipitate for 2 hr at 130” and then for 30 min 
periods at either 250”, 200’ or 160’, were unsuccessful. Thermogravimetric study 

TABLE II.-DETERMISAT~ON OF zlsc BY TH+. RECOMME?~DED PROCEDLX 

8-AQD used0 1.5 x 3x 7.5 x 15x 75 x 

Zn taken, mg 
Zn found, IIF 
Difference, rn; 

50.03 25.01 10.00 5.00 l-00 
- 0.08 -0.03 -0.05 -0.15 -049 
-0.12 -0.05 -0.05 -0.15 -0.09 
T-O.03 -0.02 -0.07 -0-17 -0.03 

0 O-462 g of reagent used in all precipitation experiments; in each case, this corresponds 
to the theoretical quantity of reagent required for the precipitation of the zinc multiplied by 
a factor which is the number preceding the x . 



6) (b) 
Fig. I.-Photomicrographs of zinc I-hydroxyquinaldate (both photomicrographs are 

at same magnification): 
(a) left panel: conventional precipitation. 
(b) right panel: PFHS. 
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also indicated that 130” was an appropriate drying temperature for zinc 8-hydroxy- 
quinaldate, and that it appeared to be somewhat critical. Alternatively, the determina- 
tion of zinc can be concluded by titrimetric analysis.’ 

RESULTS AND DISCUSSION 

Table I shows that satisfactory results could be obtained with from 1 to 100 mg 
of zinc using the procedure given, but modified in that l-5 x the theoretical amount 
of 8-acetoxyquinaldine required was used for each precipitation. Results obtained 
by conventional precipitation are also shown for comparison. 

As shown in Table II, satisfactory results were also obtained in the range 
I-50 mg of zinc with a constant amount of 8_acetoxyquinaldine, i.e., O-462 g, which 
corresponds to the l-5 x quantity for 50 mg of zinc. Because of the slightly lower 
results obtained with the smaller amounts of zinc, the recommended procedure is 
limited to 10-50 mg of zinc. 

The results of the separation of zinc from aluminium and magnesium are shown 
in Table III. Aluminium did not coprecipitate; however, high results were obtained 
in the presence of magnesium. In general, more satisfactory results were obtained 
by PFHS than by conventional precipitation. 

Acknowledgment--The authors wish to acknowledge the support in part of the United States Atomic 
Energy Commission under Contract AT(I l-U-582. 

Zusamme&ssrmS-Zink-8-hydroxychinaldat kann quantitativ aus 
homogener Liisung mit durch Hydrolyse von (I-Acetoxychinaldin 
etzeugtem I-Hydroxychinaldin gefiilh werden. Abtrennungsversuche 
zeigen die Uberlegenheit dieser Methode gegentiber der gebtiuchlichen 
mit 8-Hydroxychinaldin. 

Rksmne-Le 8-hydroxyquinaldinate de zinc peut etre precipite 
quantitativement dune solution homogene au moyen de I-hydroxy- 
quinaldine gene&e par l’hydrolyse de 8-a&oxjrquinaldin& Dks 
etudes de seuaration montrent la sun&iorite de cette methode sur le 
pro&de habftuel utilisant la 8-hydro;yquinaldine. 
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PRECIPITATION OF METAL %HYDROXYQUINOLATES 
FROM HOMOGENEOUS SOLUTION-VII* 

INDIUM AND GALLIUM 

J. P. JONES, 0. E. HILEMAN, JR., A. TOWNSHEND and &IS GORDON 
Department of Chemistry, Case Insitute of Technology 

Cleveland 6, Ohio, U.S.A. 

(Received 9 December 1963. Accepted 10 February 1964) 

Stnnma~--The precipitation from homogeneous solution of indium 
and gallium, using I-acetoxyquinoline, has been investigated. It has 
been established that the method cannot be recommended for the 
determination of either metal, although under certain rigorously 
controlled conditions indium I-hydroxyquinolate precipitates quanti- 
tatively and stoichiometrically. The conventional precipitation of 
indium I-hydroxyquinolate has also been found to give erroneous 
analytical results. 

INTRODUCTION 

FROM an investigation of the precipitation from homogeneous solution of indium, 
using Sacetoxyquinoline, it became evident that the experimental conditions need to 
be rigorously controlled in order to obtain, simultaneously, a precipitate of stoichio- 
metric composition, and complete separation of the indium. A subsequent investi- 
gation of the conventional method’ of precipitating indium with 8-hydroxyquinoline 
also indicated the difficulty of obtaining quantitative precipitation. It became the 
purpose of this investigation, therefore, to evaluate critically the analytical aspects of 
the precipitation of indium 8-hydroxyquinolate. The similar precipitation of gallium 
was also the subject of a brief investigation. 

Reagents 
EXPERIMENTAL 

Indiwn solution: Indium metal of high purity (Indium Corp. of America, Utica,N.Y.) was dissolved 
in dilute hydrochloric acid, and the solution was diluted to the required volume with distilled water. 

Gallium solution : High purity gallium (9999 %, Fisher Scientific Co.) was dissolved in a 1:2 
mixture of 70 ‘4 perchloric acid and 95 % sulphuric acid, and the solution was diluted to the rquired 
volume with distilled water. 

Il-Acetoxyquinoline: For indium. PF/HS grade I-acetoxyquinoline (Rurdick and Jackson 
Laboratories, 1953 S. Harvey St., Muskegon, Mich.) was dissolved in acetone; 5 ml of this solution 
contained 4 times the stoichiometric quantity of reagent needed to precipitate 50 mg of indium. 

For gallium, 1-O g of 8-acetoxyquinoline was dissolved in 1: 1 acetic acid (25 ml); this solution 
contained 2.5 times the stoichiometric quantity of reagent required to precipitate 50 mg of gallium. 

All other chemicals used were reagent-grade. 

RESULTS 

Conventional precipitation of indium with 8-hydroxyquinoline 

Geilmann and Wriggel recommended a sodium acetate-acetic acid medium for the 
precipitation of indium with 8-hydroxyquinoline. The pH of the medium was about 
4.5. Table I shows typical results obtained when this procedure was used. Low 

l Part VI: See Tuluntu, 1963, 10, 111. 
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TABLE 1 .-PRECIPITATION OF INDIUM BY THE 
METHOD OF GEILMANN AND WIUGGE’ 

Indium 
taken, 

m?? 

Indium in 
precipitate, 

mg (difference?) 

Indium in 
filtrate, 

mg” 

2431 -0.21 >0.4 
-0.35 >0.4 
-0.20 0.2 

50.62 -0.48 1.1 
-0.47 0.4 

7652 -0.25 SO.4 
-0.08 >0*4 
-0.37 >0.4 

a Difference = found - taken. 
b Determined polarographically in an aqueous 

perchloric acid-potassium chloride medium.* 

gravimetric results were also obtained in the mineral acid medium recommended by 
Geilmann and Wrigge.l 

Conventional precipitation of gallium with 8-hydroxyquinoline 

The method of Geilmann and Wriggel and that of Moeller and Cohen3 gave 
slightly low recoveries of gallium. 

PFHS of indium with %acetoxyquinoline 

Experiments were carried out to study the effects of (a) different wash solutions, 
(b) pH in the range 2+0-5.0, (c) various sodium acetate-acetic acid and ammonium 
acetate-acetic acid buffers, (6) absence of buffers, and (e) quantity of %acetoxy- 
quinoline, on the PFHS of indium %hydroxyquinolate. Some results are shown in 
Table II. It became evident that indium could be precipitated quantitatively, as a 
stoichiometric 8-hydroxyquinolate, under closely controlled conditions. 

procedure: The starting solution should contain 15-75 mg of indium as the chloride, To this 
are added 2-O ml of glacial acetic acid and 2-O g of sodium acetate, and the resulting solution is diluted 
to 180 ml. The pH is adjusted to 4.5 with either hydrochloric acid or aqueous ammonia, and a 
two-fold excess* of I-acetoxyquinoline is added. The solution is heated at 80” for 2 hr, and is allowed 
to cool to room temperature before filtering. The solution is filtered through a medium-porosity 
filtering crucible, and the precipitate is washed with distilled water, dried to constant weight at 
130”, and tiighed as In(C,H,NO),. 

Table III shows the results obtained using this procedure. Also shown are the 
results obtained with smaller quantities of indium. 

PFHS of gallium with 8-acetoxyquinoline 

The procedure was similar to that used for the corresponding determination of 
aluminium,4 except that the pH was adjusted to 3.7, 3.9 or 4.1. The precipitates were 
dried to constant weight at 112 f 2” (ca. 2 hr) and weighed as Ga(C,H,NO),. Table 
IV shows the results obtained using this procedure. 

* A two-fold excess indicates 2 times the stoichiometric amount. 
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TABLE II.-PRECIPITATION OF INDIIJM wrrH 8-AcE’roxYQumoLmE: 
IMTIAL REsuLl-s 

Number 1 2 3 4 

Indium taken, mg 
Indium in precipitate, 

mg (differen&) 
Indium in filtrate, mg 
Conditions of precipitation 

24.40 24.40 2431 48.62 
$0.03, f-o.09 -0.05, +0*04 -0.07, -O*ll -0.70, -0.75 

0.36, O-21 0.17, o-22 0.22, 0.20 0.06, 0.07 
b,e,m b&n b,h,m a b&m 

Number 5 6 7 8 

Indium taken, mg 
Indium in precipitate, . 

mg (differenti) 
Indium in filtrate, mg 
Conditions of precipitation 

72.93 73.20 73-20 76.57 
-1.37, -1.25 -0-08, -0.05 +0~02,O+Nl +0*25, $0.71 

0.08, 0.03 0.18, 0.18 0.08. 0.13 O-05. 0.09 
bh,m b,f,i,m c.f,i,m c,Cjm 

Number 9 10 11 12 

Indium taken, mg 
Indium in precipitate, 

mg (difference9 
Indium in filtrate, mg 
Conditions of precipitation 

51.04 2532 2948 25.48 
10-09, +0+9 $-o-37, to.39 -0-04, -0.06 sO.05, -to.05 

<O-l, to.1 0.10, 0.10 0.16, O-18 o-15, 0.22 
c,f,j,k c,f,j,k c,g,j,k c,g.jJ 

* Difference = found - taken 
bpH = 4.0 
e pH = 4-5 
* O-5 ml of glacial acetic acid 
e 1.0 ml of glacial acetic acid 
r 1.5 ml of glacial acetic acid 
g 2.0 ml of glacial acetic acid 

h @6 g of sodium acetate 
* 1.2 g of sodium acetate 
1 20 g of sodium acetate 
k @5 g of 8-acctoxyquinoline 
1 @75 g of 8-acetoxyquinohe 
m 1.0 g of 8-acetoxyquinotine 

TABLE III.-PFHS OF rn~Iu’h# 8-HYDRO~YQIJINOLATE USING A ?~o-FOLD 
~xcm OF IGA~ETO~YQW~~~LEVE 

Number 1 2 3 

Iodium taken, mg 
Indium in precipitate, 

mg (diReren@) 
Indium in filtrate, mg 

75.93 50.62 25.31 
+*01 -to-o1 -0.05 $0.10 +0.14 +@05 +0*07 so.05 $0.03 

0.06 0.06 0.06 0.06 0.04 o-12 0.04 0.05 0.03 

Number 4 5 6 

Indium taken, mg 
Indium in precipitate, 

mg (diReren&) 
Indmm in filtrate, mg 

15.29 IO.19 5.10 
+@09 +O.ll +0.13 -0-31 -0-29 -0.19 -0.44 -0-21 -0.90 

0.03 0.03 0.03 0.56 0.55 0.27 0.60 0.32 O-90 

s Difference = found - taken 
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TABLE IV.-PFHS OF GALLIUM WITH 8-A~ETOXYQUINOLINE 

Galhum taken, nrg 4.55 Il.37 22.74 
_---- _- ~_______...._ 

Gallium in prectpitate. --0.05 -0.20 ---0.15 -0.12 -mO.OI --@06 -0.08 -0.17 -0.08 -cl& 
nrg (differencca*‘l) 

Gallium in filtrate, I@ 0.16 0.16 0.22 0.28 0.22 0.26 0.10 0.16 @I8 O-17 
Initial pH 3.9 3.7 3.9 4.1 3.9 

8 Difference = found -- taken 
b A loss of gallium was also cxpwenced In numerous other experiments 
C Determined spectrophotometrically after extractton of its 8-hydroxyquinolate into chloroform 

The results shown in Table 1 clearly indicate a large solubility loss when indium is 

precipitated by the direct addition of 8-hydroxyquinoline. Moreover, the results 
shown in Table II demonstrate the difficulty of obtaining a quantitative precipitate 
of stoichiometric composition when PFHS is used. 

Further experiments using the procedure recommended in this paper established 

that it was possible to precipitate the indium quantitatively as In(C,H,NO), (c$ 
Table III). However, the precipitation conditions require rigorous control, e.g., 
a two-fold excess of 8-acetoxyquinoline, which, of course, would be impractical in 
analysis. Furthermore, the results obtained by this procedure were satisfactory only 
for 15-75 mg of indium ; as can be seen in Table HI, unsatisfactory results were 

obtained in the 5-10 mg range. 
To ascertain whether the non-stoichiometric composition of the precipitate 

resulted from the formation of a small amount of indium hydroxide, two precipitates, 
prepared similarly to No. 5 of Table II and No. 1 of Table III, were examined in the 
infrared spectral region in KBr discs carefully prepared to exclude moisture. Con- 
clusions from the results about the presence of hydroxide were inconclusive. 

It is apparent that indium can be quantitatively precipitated from homogeneous 
solution as a stoichiometric compound using 8-acetoxyquinoline; the experimental 
conditions of the method are, however, impractical for analysis, although the process 
is useful for preparative purposes. The conventional method of precipitating indium 

8-hydroxyquinolate, as described in the existing literature, gives erroneous analytical 
results, and therefore it is not recommended for use. It is worthy of mention that 
precipitates obtained by PFHS and by direct mixing of reagents do not differ in 

physical appearance. 

Gallium 
The precipitation of gallium was also unsatisfactory. Although Hollingshead6 

suggested that the low recoveries of gallium obtained by conventional precipitation1,3 
may have resulted from the sublimation of the precipitate at I20”, the present in- 
vestigation does not indicate this to be a factor. At pH 3.7 and 3.9, although apparent 
recoveries are slightly low, the amount of gallium in the fil ates indicates that the 
precipitates must contain some coprecipitated reagent to make up their weight. At 
pH 4.1, when the weight deficiency of the precipitate agrees with the amount of 
gallium found in the filtrate, the precipitate weight is low in gallium by ea. 0.12 mg. 
The low recoveries, therefore, result from the incomplete precipitation of galhum. 
In consequence, neither the conventional nor the PFHS methods for gallium can be 

recommended for use. 
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Zusamm&assung-Die FBllung von Indium und Gallium aus homo- 
gener Li5sung mit 8-Acetoxy&inolin wurde untersucht. Es wurde 
festeestellt. daB die Methode fiir beide Metalle nicht zu emnfehlen 
ist, “obwohl unter bestimmten, scharf kontrollierten Bedin’gungen 
Indium-8hydroxychinolat quantitativ und stiichiometrisch ausflillt. 
Auch die konventionelle FBllung von Indium-8hydroxychinolat gibt 
falsche Analysenergebnisse. 

R&sum&On a ttudie la precipitation de l’indium et du gallium en 
solution homog&ne au moyen de 8-acetoxyquinoline. On a etabli que 
la mtthode ne peut &e recommand~ pour le dosage de ces deux 
mttaux, bien que, dans certaines conditions rigoureusement contr8l&es, 
le I-hydroxyquinolinate d’indium precipite quantitativement et 
stoechiometriquement. On a trouve que la precipitation ordinaire du 
8-hydroxyquinoliite d’indium donne aussi des r6sultats analytiques 
errones. 
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PRECIPITATION OF INDIUM 8-HYDROXYQUINALDATE 
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J. PAUL JONES, ORVILLE E. HILEMAN, JR. and LOUIS GORDON 
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(Received 9 December 1963. Accepted 10 February 1964) 

Summery-The precipitation of indium from homogeneous solution 
as the 8-hydroxyquinaldate, with 8-acetoxyquinaldine as a source 
reagent, provides a quantitative procedure, and a satisfactory separation 
from lead, calcium and magnesium. 

INTRODUCTION 

IN a previous investigation, Jones et al.’ concluded that 8-hydroxyquinoline was not 
a satisfactory reagent for the determination of indium. The present investigation 
was therefore undertaken to study the precipitation of indium from homogeneous 
solution (PFHS)with 8_hydroxyquinaldine, using 8-acetoxyquinaldine’*3 as the parent 
reagent. 

EXPERIMENTAL 
Reagents 

Indium: In&urn metal of high purity (Indium Corp. of America, Utica; New York) was dissolved 
in dilute hydrochloric acid. 

8-AcetoxyquinuUne: PF/fIS grade%-acetoxyquinaldine (Burdick and Jackson Laboratories, 1953 
S. Harwy St., Muskegon, Mich.). 

All other chemicals used were reagent-grade. 

Procedure 
To 25-5Orrtg cd a nearly neutral solution of indium, contained in a 250-ml beaker, add 

2-U g of sodium acetate; dilute to 180 ml and adjust the pH to 4.5 with filtered aqueous ammonia 
(1:l). Add 1Oml of an acetone solution containing l.Og of 8-acetoxyquinaldine (5 times the 
stoichiometric quantity of reagent needed to precipitate 37.5 mg of indium). Heat the solution at 
80” for 2 hr, allow it to cool to room temperature, and filter through a medium-porosity filter, trans- 
ferring and washing the precipitate with water at room temperature. Dry to constant weight at 
130”. and weigh as In(C,,,H,NO)I; the gravimetric factor for indium is 0.1948. 

RESULTS AND DISCUSSION 
Initial investigations showed that if 1-O g of 8-acetoxyquinaldine were used, 25- 

75 mg of iudium could be quantitatively precipitated in the pH range 4-3-4.7; when 
a smaller quantity of reagent, i.e., O-33 g, was used to precipitate 25 mg of indium, 
the f&ate was found consistentlyto contain about O-3 mg of indium. Table I shows 
that gravimetric results, correct to within about O-5%, can be obtained with 25-75 
mg of indium. Coprecipitation of reagent probably accounts for the slightly high 
results. With 5- to IO-mg samples of indium there were significant losses of indium 
to the filtrates. Thermogravimetric analysis of the precipitate showed 130” to be a 
satisfactory drying temperature. Table ‘1 also shows that indium can be satisfactorily 
separated from lead, calcium and magnesium,, but not from aluminium; when 
tartaric acid was used to complex aluminium, it apparently also complexed indium, 
thus reading to low results. 

A brief investigation of the PF-HS of galiium indicated that only after about half 
of the gallium can be precipitatedas the 8-hydroxyquinaldate by the method described.8 
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TABLE L-PRECIPITATION OF ~NDIU~~ ~-I~YDR~~YQUINALDATE 
FROM HOMOGENEOUS SOLUTION 

Indium taken, 
mR 

Diverse element 
taken, mg 

tndium found, mg 
(differen~6) 

Indium in 
filtrate,b mg 

75.93 

50.62 
25.31 
1012 
5.06 

25.48 

None 0.37, O-25, 0.32 0*06,0*06, 0.06 
None 0.16, 0.14, 0.26 0~07,0*07,0~05 
None 0.13, 0.15, 0.20 0*05,0*08, 0.05 
None 0.16,O.lO 0.14,@12 
None -008, -0.06, -0.02 0*14,0.18,0*16 
ca-100 0.19, 0.15, 0.21 C 

IQ-25 0.23, 0.17, 0.19 c 

Mg-25 0.23, 0.35, 0.39 c 

Al-25 5.0, 2.1, 5.3 C 

* Different = found - taken. 
b Determined polarographically in an aqueous perchloric acid-potassium chloride medium.‘ 
c Not determined. 

ZusammwDie Fgllung von Indium aus homogener L(isung 
als I-Hydroxychinaldat mit 8-Acetoxychinaldin zur Bildung des 
Reagens stellt brauchbares quantitatives Verfahren dar; die Trennung 
von Blei, Calcium, Magnesium und Aluminium ist gut. 

R&mn&-La p&&pit&ion de l’indium en solution homog&ne, a l’&at 
de 8-hy~oxyquinal~te, avec la 8-a~toxyquinaldine comme source de 
r&actif, est une m&ode quantitative satisfaisante. L’ indium est bien 
s&par& de piomb, calcium, magnCsium et aluminium. 

Acknowledgment-The authors wish to acknowledge the partial support of the United States Atomic 
Energy Commission under Contract At-(ll-l)-582, and also the assistance of Dr. Alan Town&end 
who carried out the investigation with gallium. 
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PO;TENTIOMETRIC DETERMINATION OF VANADIUM 
AS SILVER ORTHOVANADATE 

RAM SAHAI SAXENA and OM PRAKASH SHARMA 
Department of Chemistry, Government College, Kota (Rajasthan), Jndia 

(Received 2 January 1964. Accepfed 30 January 1964) 

Summary-A rapid and accurate electrometric method for the deter- 
mination of vanadium as silver orthovanadate has been investigated. 
It consists in titrating sodium orthovanadate solution potentiometri- 
tally at pH 11.5 against standard AgNO*, using a silver indicator 
electrode in conjunction with S.C.E., connected by a KNOt bridge. 
Either of the reagents may be used as titrant. A marked change in 
e.m.f. is observed at the end-point. corresponding to the precipitation 
of A&VO, in the pH range 8-9. The curves have a regular form; 
a pronounced maximum in dE/dV occurs at the end-point; and the 
accuracy and reproducibility of the electrometric results has been 
found to be excellent even at low concentrations (1 x lo-*M) of the 
reactants. Potentiometric titration offers a simple, rapid and accurate 
method for the detetinination of vanadium as silver orthovanadate. 

BROWNING and Palmer1 and Moser and Brandi have reported an accurate gravimetric 
method for determining vanadium as silver vanadate. No reference has been found 
in the literature regarding the determination of vanadium by electrometric methods 
other than polarographic ones. The present investigation involves a potentiometric 
study of the reaction between silver nitrate and sodium orthovanadate, and has been 
undertaken to investigate the process as a possible analytical method for the deter- 
mination of vanadium. 

EXPERIMENTAL 

Merck guaranteed extrapure reagents, AgNO,, V*O, and NaOH, were used and their solutions 
prepared in air-free conductivity water. 

Standard solutions of sodium orthovanadate were prepared by dissolving calculated amounts of 
V,05 in a boiling solution of NaOH of the required strength. 

The pH of the sodium orthovanadate solution thus obtained was measured by means of a glass 
electrode and found to be about 11.5. Different concentrations of AgNO, and Na,VO, were taken 
and a series of potentiometric titrations was carried out both by the direct and the inverse method, 
i.e., AgNO, solution being added from a microburette to the Na,VO, solution in the electrode cell, 
and vice versa. Titrations were also performed in the presence of varying concentrations of ethanol. 
For precise and steady measurements of e.m.f., a platinum gauze electrode was used. This was 
electrolytically coated with silver at a low current density (a current strength of the order of 2-10 
mA) in a bath of pure silver cyanide. It was dipped in the titre solution and used as an indicator 
electrode in conjunction with a standard calomel electrode. The connection between the calomel 
half cell and the titration vessel was made with saturated KNO, solution. The electrode cell was 
immersed in an electrically maintained thermostat at 40 f 0.1”. The e.m.f. was measured on a 
Cambridge (nulldeflection~ type) pH meter. The titration solution was continuously stirred by an 
electricallv-driven stirrer. Curves were olotted of the E (ohs.) vs. the volume of the titrant added in 
ml, and from the sharp jump in poteniial indicated by-the titration curves the equivalence point 
was obtained. This was further checked by calculating the maximum value of dE/dV in each caSe. 
Twenty ml of the reagent were taken in the cell each time. (See Table I.) 
are illustrated (Figs. 1 and 2). 

Two typical sets of curves 

DISCUSSION 

An examination of the results reveals that the reaction between AgNOs and 
Na,VO, can be successfully followed potentiometrically using silver as an indicator 
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TABLE I.-SUMZIARY OF THE RESULTS OF POTE~TIO*IETRIC TITRATIOW 

Pomt of equtvalence: 3Na,O.V,0, or AgNO, 
Concentration of solutions required for the formation of Ag,VO,, ml 

AgNO, 

M IO 
M/l5 
Mt20 
M’50 

M,50 
M/l00 
M/250 
M!750 

3Na,0.VI0, Calculated Observed from max. dE,‘dV. 

Direct titrations. FIN. 1 
M,250 4.80 4.80 
~WSOO 3.60 3.60 
M’750 3.18 3.20 
M/l000 6.0 5.95 

Reverse titrations, Fig. 2 

MS 30 2 00 2.00 
M/80 2.66 2.70 
M/250 3.33 3-30 
Ml500 2.22 2.20 

TABLE II.-POTEUTIOMETRIC mmwrh4mow OF VANADIUM 

/I 

Vj- present, f?!y V”- found, tty Error, tng 

8.1520 8. I520 0.0 
2.7160 2.7330 0.0170 
I.3573 I.3450 0.0123 
0.4524 0.4483 oGo41 

I j ] 1 
- I 2 3 4 5 6 7 

Volume of Ag NO, added, ml 

FIG. 1 .-Direct potentiometric titrations 
between sdver nitrate and sodium ortho- 
vanadate : (1) M/l0 AgN03 us. M/250 
3Na,O.V,0,: (II) M/l5 AgNO, US. M/500 

3Naz0.Vt06. 

-350 

2 -300 

E 
W -250 - 

-200 -- 

volume of 31\13;0. V,O, added. mL 

FIG. 2.-Reverse potentiometric titrations be- 
tween silver nitrate and sodium orthovanadate: 
(1) M/30 3Nar0.V,00 vs. M/SO AgNO,: (II) 

M/80 3Nap0.VI0. vs. M/100 AgNO,. 
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electrode pith either of the reactants used as the titrant. The end-point obtained 
from the max. dE/dV and deflection in titration curves occurs at a point where the 

molecular ratio Ag-: VO, 3- is 3: 1, corresponding to the formation of silver ortho- 
vanadate, Ag,VO,, at pH range 8-9. The compound has been found to be highly 
insoluble. and therefore suitable for precipitation. The titration curves are sym- 
metrical on both sides of the stoichiometric end-point, which is marked by a sharp 
change in e.m.f. and the results are accurate and reproducible. 

In the direct titration curves (Fig. I), &hen Na,VO, is being titrated, the e.m.f. 
gradually increases with the start of the reaction and a marked upward jump is 
obtained at the equivalence point, after which the potential assumes a constant L alue. 
In the case of inverse titrations, when the silver electrode is dipped in AgSO, solution, 
the e.m.f. assumes a steady value rapidly after each addition of the alkali vanadate 
solution, till at the stoichiometric end-point a sharp fall in potential is observed, after 
which the e.m.f. becomes almost constant. Continuous stirring in the Licinity of 
electrode has a favourable effect on the titrations. Each titration takes about half 
an hour for completion. The addition of ethanol has hardly any effect on the accuracy 
of the end-point or on the magnitude of the break in potential. 

The present investigation confirms the formation and precipitation of Ag,VO, 
in the pH range 8-9. The potentiometric method is much more convenient than the 
methods currently available. It is simple because it does not require costly chemicals 
or complicated apparatus or procedure. Furthermore, it has the advantages of great 
rapidity and excellent precision. The method can therefore be recommended for 
the quantitative determination of even low concentrations of vanadium. 

Acknowle~~ement-One of us (0. P. S.) is thankful to the authorities of the Council of Scientific and 
Industrial Research, India, for the award of Junior Fellowship. 

R4s~1&-0n a ttudit une methode electromitrique rapide et precise 
de dosage du vanadium a 1’Ctat d’orthovanadate d’argent. Elle 
consiste en un titrage potentiometrique dune solution d’orthovanadate 
de sodium a pH 11.5 au moyen dune solution three de AgNO,, en 
employant une electrode indicatrice d’argent, relic+ B uw Clectrode 
Ctalon par un pont de KNOI. Chacun des deux &actifs peut Ctre 
utilist comme agent de titrage. On observe un changement net de 
la f.e.m. au point tinal. correspondant & la precipitation de A&VO, B 
pH 8-9. L.es co&es ont une fonne riguliere. il apparait un maximum 
pronor& de dE/dV au point final, et la precision et la reproductibilite 
des r&sultats Clectrom&riques se sont revel&s satisfaisantes, time aux 
faibles concentrations (I x IO-%%4) des reactifs. Lea titrages potentio 
mitriques offrent uw methode simple, rapide et precise de dosage de 
vanadium a I’etat d’orthovanadate d’argent. 

Z-g-Eine schnelle und genaue elektrometriscbe Method 
zur Vanadinbestimmung als Silber-Orthovanadat wurde erforscht. 
Man titriert Natrium-Orthovanadatliisung bei pH 11.5 potentio- 
metrisch gegen eingestelltes Silbemitrat unter Verwendung einer 
Silber-Indikatorelektrode, Als Vegleichselektrode ist mit einer 
Kaliumnitratbriicke eine ettigte -Kalomelektrode angeschlossen. 
Reide Reagentien konnen ala Titrierldsung venvendet werden. Em 
ausgeptigter Sprung der EMK wird am Endpunkt beobachtet, der 
der Fallune von Silberorthovanadat bei DH 8-9 entsnricht. Die 
Kurven ha&m die normale Form, in der differenxierten’ Ku&e tritt 
am Endpunkt ein ausgepr%gtesMaximum auf unddie elektrometriscben 
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Ergebnisse sind such bei niedrigen Konzentrationen (1 . 10-M*) der 
Reaktanten sehr genau und reproduzierbar. Potentiometrische 
Titrationen bieten eine einfache, schnelle und genaue Methode zur 
quantitativen Vanadin~timmung ah Sil~rorthovaMdat. 
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SEPARATION OF EUROPIUM”I AND AMERICIUM”’ BY 
SOLVENT EXTRACTJON OF THEIR METAL CHELATE 

COMPLEXES 

TATSUYA SEKINE* and DAVID DYRSSEN~ 
Department of Inorganic Chemistry, Royal Institute of Technology, 

Stockholm 70, Sweden 

(Received 7 January 1964. Accepted 30 January 1964) 

Summary-Separation of Eu a+ and Am3+ by solvent extraction has 
been studied. The distribution of chelate complexes of these metal 
ions between O.lM sodium perchlorate and chloroform or methyliso- 
butylketone with nineteen chelating acids has been determined. 
Among these acids it was observed that some extract ELI*+ into the 
organic phase better than Am*+, some extract AmS+ better, and some 
extract them equally well. The separation factor, SF = D&D*,,,, 
was determined for twelve of these acids by the extraction of ELI*+ and 
Aml+ from @lM (H,Na)ClO,. The values of log SF are as follows: 
dibutylphosphate (DBP), +1.36; dioctylphosphate (DOP), t-1.15; 
1-phenyl-3-methyl+acetylpyrazolone-5, +054; 2-thenoyltrifluorace- 
tone (TTA), +0.48; neocupferron, +0.24; N-benzoylphenylhydroxyl- 
amine, +0.22; N-2,4-dichlorobenzoylphenylhydroxylamine, +0.12; 
B-isopropyltropolone (IPT), -0.01; I-hydroxy-2-naphthoic acid, 
+0.03; 2ihydroxy-l-naphthoic acid, $0.01; 3-hydroxy-2-naphthoic 
acid; -0.02; 5,7-dichloroxine, -0.99. From these results it follows 
that dialkylhydrogenphosphates and 5,7-dichloroxine are the most 
suitable chelating acids for the separation of ELI”+ and Am*+ by 
solvent extraction. 

INTRODUCTION 

THE separation of tervalent lanthanide and actinide ions is usually difficult because 
of the similarity of these ions. Their chemical properties have been studied exten- 
sively, and various types of separations such as the group separation of gross actinide 
ions from lanthanide ions or the separation of an individual ion from others in the 
same group have been investigated. Among many separation methods, anion ex- 
change was reported1 to be very effective for the gross separation of tervalent actinide 
from tervalent lanthanide ions when concentrated hydrochloric acid or thiocyanate 
solution was used as the aqueous medium to form adsorbable complex ions on the 
anion-exchange resin. 

In the present laboratory extensive work has been carried out to find out the 
conditions for the separation of lanthanide and actinide ions by solvent extraction, 
and various metal extracting ligands, organic solvents and aqueous solution systems 
have been investigated for this purpose. 

Dyrssen and Liem2 studied the solvent extraction of Eu3+ and Ams+ by dibutyl- 
phosphate (DBP) in different organic solvents, and they reported that the extraction 
of Eu3+ and Ams+ with DBP is quite different in n-hexane, carbon tetrachloride, 
chloroform, isopropyl ether, hexone and hexol. They showed that the distribution 
ratio of the metal ions between the organic phase and 0.1M nitric acid, log DE”, 

l Present address: Department of Chemistry, Tokyo College of Science, Japan. 
t Present address: Department of Analytical Chemistry, University of Gothenburg, Sweden. 
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ranges bet\\ een -2.60 (in hexane) to -3.34 (in hexol) with 0.1 M DBP; and moreover, 
the separation factor, log SF(= log DEu/DAm), ranges between 1.36 (in CHCI,) to 
0.33 (in hexol). 

The present study was made to find the most effective extracting ligand for the 
separation of Eu3’ and Am3-. To fix conditions we used O*lM (H,Na)ClO, and 
CHCI, or hexone as organic solvents. The paper gives the experimental results for 
the distribution of metal chelate complexes of Et? and Am3- between the organic 
and the aqueous phase, and presents a short discussion on the separation of these 
two metal ions by solvent extraction of their chelate complexes. Short reports of 
our results have been presented earlier.3A 

RESULTS 

Nineteen acids were investigated, and our experimental results show that different 
chelating acids (HA) give different separation factors. 

In the present study, only the variation of the net distribution ratio of Eu3+ and 
Am3- vvith the hydrogen ion concentration (-log [H-l) was determined. Even though 
no information on the hydrolysis of tracer concentrations of tervalent lanthanide 
or actinide elements is available, it may be concluded from studies at higher metal 
concentrations”’ that no hydrolysis occurs below pH 5-6. All experiments were 
therefore carried out at a pH below 5.5. The net distribution ratio, D, was determined 
between 0.01 and 100. 

Assuming that the extraction of EURO and Am- takes place by the following 

reaction : 
M%(aq) i- (3 + n)HA(org) + MA,(HA),(org) + 3H(aq) 

and that the distribution ratio is given by 

D = WWW,1,,,/[M~l 

we may express the extraction constant as follows: 

K,, = D[H-]3[HA] -(3 +n) orI 

Since [HA],, is constant for each reagent (0.05M for dichloroxine and O.lM for 
the other acids) we could not determine the composition of the extracted complexes.* 
Therefore D[H+13 was calculated instead of K,,. 

The values of D[H+13 for ELF and Arnw with twelve ligands are listed in Table I, 
together with the separation factors, the acid dissociation constants, and the dis- 
tribution constants of the acids between chloroform or hexone and O*lM NaClO,. 

Table II shows the results of the extraction with three ligands, which formed 
aqueous complexes to such an extent that the slope of the plots log D versus -log {H+] 
was always less than 3. Table III shows the results for four ligands which showed 
too small extraction to determine the net distribution ratio D, or the separation factor 
SF, under the experimental conditions. 

DISCUSSION 

As shown in Table I, the separation of Am3+ and Eu3+ is most effective with 
the dialkylhydrogenphosphate, which extracts Eu3f better than Ama+, and with 

l For 0.1 M IPT in chloroform, for example, we observed that E&HA is the main complex 
in the organic phase. 
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5,7-dichloroxine, which extracts Am3+ better than Eu3+. At present it would be 
difficult to draw any general conclusions about the influence of the chelating acid 
on the separation factor. It is also difficult to predict whether a chelating acid will 
form extractable complexes with the rather inert tervalent lanthanide and actinide 
ions. 

However, some conclusions may be reached on the basis of our investigation. 
Thus, chelating acids with the same reacting groups seem to give separation factors 
close to each other. Examples of such groups are =POOH (in dialkylphosphates), 
-COCHC(OH)- (in acetylpyrazolone and TTA), -N(OH)NO and -N(OH)CO- 
(in cupferron, neocupferron and the benzoylhydroxylamines), -COOH (in the 

TABLE II.-EXTRACTION OF Eua+ AND Am3+ WITH VARIOUS CHELATING 

ACIDS WHICH GAVE NO CONSTANT VALUES OF D[H+]* 

Chelating acid Separation log SF 

l-Nitroso-2-naphthol 
2-Hydroxyl-1 ,Cnaphthoquinone 
2-Chloromethyl-S-hydroxyl-y-pyrone 

Dm<D~rn not constant 
bu > DA, % +0.4 
DE,, ( Dam % -0.4 

TABLE III.-RESULTS WITH VARIOUS CHELATING ACIDS WHICH GAVE VERY 

POOR EXTRACTION 

Chelating acid 
Approximate tendency for 

separation 

Isatin+oxime 
Kojic acid (2-hydroxymethyl-%hydroxy- 

Y-pym-4 
2-Methyl-5-hydroxy-y-pyrone 
I-Naphthoic acid 

DE, < DA, 

DE” N DAM 

&I = Dam 

DE, = Dm 

hydroxynaphthoic acids). The extraction is generally poor if the chelating acid is 
too weak, and a substitution which increases the acid strength of a reagent will usually 
improve the extraction properties. Thus, dichloroxine extracts better than oxine, TTA 
better than acetylacetone, and 2-hydroxy-1-naphthoic acid better than I-naphthoic 
acid. The extraction may also be poor because of the formation of MA, complexes 
in the aqueous phase if the hydrophobic part of the chelating acid is too small in 
relation to the hydrophilic groups; thus, neocupferron is better than cupferron, the 
2-chloromethyl derivative of kojic acid better than kojic acid itself (Zhydroxymethyl) 
and naphthoic acid better than benzoic acid. In the case of DBP and DOP practically 
no MA, complexes are formed in the aqueous phase, because the hydrophobic groups 
are large enough for both acids. The difference of o[HfJ3 for the two acids is rather 
difficult to explain. 

The separation factor of these metal ions is sometimes also influenced by the 
organic solvent, perhaps because of the interaction between the solvent molecule and 
the metal chelate MA,. 

The addition of some water-soluble ligands (masking agents like citrate) to the 
aqueous phase may also shift the separation factor. If SF > 0, a complexing ligand 
with a larger stability constant for Am 3+ should increase the separation factor. If 
SF < 0 (i.e., Am3f is extracted better) the stability constant of the masking agent 
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should be larger for Eu3+. Otherwise, the separation gained by the extraction is 
decreased by the addition of the masking agent. 

There have been some reports 12-14 on the extraction of various rare earth elements 
with some of the ligands in the present study. Figure 1 summarises the results with 
IPT and DBP. 

From this work we suggest in Table IV a selection of extracting ligands for the 
separation of the combination of ions listed below. 

6r 

FIG. I.-Separation of trivalent lanthanide ions and Am*+. Values of log Dn/&*. 
O-The DBP-dibutylether system reported by Duyckaerts and Dr&ze? 
O-The IPT-chloroform system reported by Dyrssenl* : 
A--Values of Eu8+ and Am*+ for 5,7dichloroxine in chloroform : 

(m, 0, A--Am”+). 

TABLE IV.-!GJITABLE EXTRACTING LIGANDS 

Separation Extracting ligand (in CHCI,) 

An?+ from Eu*+ DOP(EtF+ in the organic phase) or 5,7- 

Ams+ from Las+ - Sma+ 
dichloroxine (Am”+ in the organic phase) 

5,7dichloroxine (Am’+ in the organic 

Am*+ from Gds+-Lu’+ 
phase) or IPT (Am*+ in the organic phase) 

DOP(Gd-Lu in the organic phase). 

Tracers 
EXPERIMENTAL 

Tracer amounts of /Q-active lrrEu + ts4Eu and a,y-active rrlAm were obtained frbm Harwell, 
England. The tracers were dissolved in O.lM HCIO, to prepare the stock solution. The experiments 
were carried out one year after the preparation and so, even if there were some short-lived radio- 
active impurities in the radioactive samples, they should have decayed. 

Reagents 

All reagents used in this study were of analytical grade. Chloroform was shaken three times with 
the same amount of water to remove alcohol in it. Sodium perchlorate was prepared from Na,CO, 
and HCIOl and was twice recrystallised. Dioctylphosphate was washed with dilute NaOH and 
O.lM HCIO,. Other reagents were used without further purification. 
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Procedures 

All experiments in this study Here carned out in a thermostatted room at 25’. The initialvolumes 
of the orgamc and the aqueous phase \sere each 10.0 ml. The ionic strength of the aqueous phase 
was always kept as 0.1.M Hith 0 l.\f NaClO, and O.l.jf HCIO,. The aaueous Dhase was meoared 1 I 
as follow;: 0.i ml of Eu.and Am mired tracer solution m 0.1.W HCIO,. 1.0 ml of’YS- carrier solution 
(lO-‘,%f YJ-) in O,Ol.\f HCIO, ~ 0 09.Lf SaClO, and 2 0 ml of buffer solution (0.05.M solution of 
sulphanilic acid or ptrldme m O.l.\f NaCIO,) \\ere added m -IO-ml stoDDered class tubes. The 
hydrogen ion conce&;atlon of the solution aas adlusted by the addition oi;arious-amount of 0.l.W 
HCIO, or NaOH solution into the bottles and. finall!. O,l.\f SaClO, solutton was added until the 
volume became 10.0 ml. The orgamc solutions of the chelating acids uere left standing overnight 
after the dissolution to ensure that the system ‘Uas In an equlllbrlum state before the experiments 
were started. Ten ml of orgamc solution thus prepared uere added to the aqueous solution In the 
bottles. The tracers were always added In the aqueous phase 

The bottles Here then placed m a machine ulth a rotann g frameuork. and agitation was contmued 
until extraction equilibrium was achle\ed (usualI%. 1 hr uas sufficient). In some cases. for example 
I-nitroscF2-naphthol m CHCI,, the system \\as shaken b> hand for about 3 mm to abord any effects 
of the decomposition of the organic substance. The results for tUo systems which had been agitated 
for different Intervals uere aluays compared to check If the extraction equilibrium had been reached. 

The Hhole system uas then centnfuged. and some pomon of both phases \\ere taken to measure 
the radtoactivitles, uhich was done as follo\\s: 0.2 ml of the organic phase (except for dioctylphos- 
phate) was transferred to a stainless steel dish (2 cm m dtameter). The dish was first placed under 
an infrared lamp to evaporate the solkent (CHCI, or hexone) graduall!. and then It uas placed on a 
hot plate at 250 To the residue thus obtamed m the dish Lkas added a small amount of concentrated 
nitnc acid, and It was heated on the hot plate agam to complete the decomposltlon of the organic 
substance. u’hen the organic phase contamed dmcnlphosphate. It \\as shaken ulth the same amount 
of nitric acid to back-extract the metal Ion into the acid. and 0.2 ml of this mtnc acid solution was 
transferred to the stamless steel dash and heated on the hot plate. THO ml of the aqueous phase 
[0 l.\f (H,Na)ClO,] \\ere transferred into another stoppered glass tube, and a small amount of am- 
monia uas added to make the pH high enough for the ertractlon ~lth ,%isoprop)ltropolone (IPT). 
IPT-chloroform solution Has then added. and the metal ions were extracted into the aqueous phase, 
agitating by hand. The organic phase thus obtained \\as treated as above to get samples for the 
radioactib ity measurements. 

To measure the hydrogen ion concentratton. 5 ml of the aqueous phase were transferred to a 
small plastic Bessel. The hydrogen Ion concentration t -log(H-] ) was measured potentiometrically 
using @OloO.~f HCIO, and O-09O.M NaCIO, mixture solution as the standard of log (H-1 = -2.00 
but when -log [H-l was louer than 2, [H-l was calculated from the known compositton of the 
aqueous phase. 

The radloactib itles of the sample m the dish (z-acti\ ~t)i of “‘Am and &activlty of *J’Eu - ‘5’Eu) 
uere measured as follous: the sample on the stainless steel dish ~a.5 placed in a gas-flow type pre 
portional counter (Tracerlab SC-16). The z-activity was first measured in the proportional region 
(where lo” dpm of &activity gives less than one cpm). Then the @-activity was measured in the 
Geiger region applying an aluminium foil (6 mg per cm’) to absorb the z-particles and to count only 
the j&activity. The background from “‘Am (H hlch may result from -/-rays), was corrected from the 
values obtained from samples which contained only lrlAm under the same experimental con- 
ditions. 
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ZlsammeofB-Die Trennung bon Europium(III) und Ameri- 
cium(II1) durch fliissig-fliissig-Extraktion wurde untenuckt. Die 
Verteilung der Chelate dieser Ionen zwischen 0,l m Natriumper- 
chlorat und Chloroform oder Methylisobutylketon wurde mit 19 
chelatbildenden, %iuren gepriift, Unter diesen S&mm extrahieren 
einige Eu’- besser in die organische Phase als Am’+, einige Am& 
besser ais Et?, weider andere extrahieren beide in nleichem MaBe. 
Der Trennfaktor SF = D&Da, wurde fir 12 S&&n durch Extra- 
ktion von Eu*- und Am” aus 0.1 m (H. NaX=IO. ermittelt. Die Werte 
von log SF sind folgende: Dibutyldh&phat (CBP) -1,36, Dioctyl- 
phosphat (DOP) 2 1,15, l-Phenyl-3-methyl4acetylpyrazoton-5 +0,54, 
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2-Thenoyltrifluoraceton (TTA) -1 0.48, Neocupferron : 0,24, 
N-Benzovlphenylhydroxylamin -+ 0,22, N-2,4-dichlorbenzoyl-phenyl- 
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hydroxylamin 2 O;l2, &lsopropyltropolon (IPT) -0.01, l:Hydroxy- 
2-naohthoesaure + 0.03. 2-Hvdroxv-1-nanhthoesaure 7-O.Ol. 3- 
Hydkoxy-2-naphthoesaure --0.62, S,?‘-Dichloroxin -0,99. Hieraus 
folgt, da13 Dialkylhydrogenphosphate und 5,7-Dichloroxin die besten 
Chelatbildner zur Trennung von Eu3. und Am3’ durch fliissig-fliissig- 
Extraktion darstellen. 

Resume-On a etudit la separation de Eu3- et AmS- par extraction 
aux solvants. On a determine la distribution des complexes chelates 
de ces ions metalhques entre le perchlorate de sodium 0,l M et le. 
chloroforme ou la methyiisobutylcetone avec dix neuf acides chela- 
tants. On a observe que, parmi ces actdes, certains ewtraient mieux 
Et?+ que Am3? dans la phase organique, certams extraient mieux 
AmS+ et d’autres extraient Cgalement ces deux ions. Le facteur de 
separation, SF = Dau/D.im, a et& determine pour I2 de ces acides, 
par extraction de Eu3+ et Am3’ a partir de fH,Na) CIO, 0,l M. Les 
valeurs de log SF sont les suivantes: dibutylphosphate (DBP) + 1,36; 
dioctylphosphate (DOP) T I ,I 5; I-phenyl-3-methyl-4-acetylpyrazo- 
lone-5 +0,54; 2-thenoyltrifluoradtone (TTA) +0,48; nCocupferron 
+0,24; Nbenzoylph6nylhydroxylamine t0,22; N-2,4-dichloro- 
benzoylphCnylhydroxylamine ;0,12; fi-tsopropyltropolone (IPT) 
-0,Ol; acide I-hydroxy-2naphthoique +0,03; acide 2-hydroxy-l- 
naphto’ique +O,Ol ; acide 3-hydroxy-2-naphtoi’que -0,02; 5,1- 
dichloroxine -0,99. De ces resultats, il decoule que les dialkylhydro- 
genephosphates et la 5,7-dichloroxine sent les acides chelatants les 
plus convenables pour la separation de EuST et A m3+ par extraction 
aux solvants. 
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THEORETICAL CONSIDERATIONS ON THE INDIRECT 
DETERMINATION OF ANIONS 

DETERMINATLON OF SULPHATE WLTH BARIUM CHLORANILATE 
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Summary-Some anions (sulphate) may be determined by their 
reaction with a slightly dissociated or slightly soluble compound 
(barium chloranilate), another anion (chloranilate ion) being liberated 
and its extinction measured. An equation is given in this paper for 
the relationship between the concentration of sylphate and the extinc- 
tion. For low concentrations the equation is non-linear. A calibration 
curve, prepared under standardised conditions, agrees well with 
theory. It shows a precision of about 5 % at 20 /dg of sulphate. At 
higher levels the precision is slightly better. It is proved that many 
interferences of foreign ions may be explained quantitatively by con- 
sideration of the activity coefficients. The scope of this method is 
discussed. 

INTRODUCTION 

FOR the quantitative determination of anions with organic reagents, indirect methods 
often have to be used. Many of them are based on reactions of the following type 
(charges have been omitted for simplicity): 

M,C, + rA - M,A, + qC 

where A is the anion to be determined. C may represent any anion which can be 
easily determined, for example, by spectrophotometry. M,C, and M,A, are slightly 
soluble or slightly dissociated compounds. Several applications1-D of this principle 
have been described for the case when C represents the bivalent anion of C,H,Cl,O, 
(H,C), 2,5-dichloro-3,6-dihydroxybenzoquinone (ch,loranilic acid). In this paper the 
use of salts of this reagent will be discussed, but similar results may be expected 
for some other reagents. 

The dissociation constants of H,C are given by Schwarzenbach and Suter:lO 
pK, = 0.85 and pK, = 3.18. Other authors give slightly different values.11~12 The 
differences may arise from differences in ionic strength. The anion c is violet and 
has a strong absorption at 332 rnpu; E is about 27.5 x lo3 litre. mol-l . cm-‘. Salts 
of the acid have been used for the determination of sulphate, 1~9~4$~8 fluoride,5t7 
chloride,2+3 phosphate13 and other ions. 

It seems to be generally assumed that a linear relationship exists between the 
concentration of A and the extinction E. In the first part of the present paper a more 
exact relationship between these quantities is given for the case when p = q = 
r = 1 and MC and MA are slightly soluble salts. In the second part of the paper 
the interference by foreign compounds (sodium chloride, potassium nitrate), not 
reacting chemically with M, C and A,.is calculated from activity considerations. In 
the third part some results are given of experiments in which M = Ba2+ and A = 
S042-, i.e., in the case of the determination of sulphate with barium chloranilate. 

875 
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THEORETICAL DISCUSSION 

Relationship between estinction and unknown concentration 

The symbol [Xii is used for the moles of component X, present in phase i, not 
calculated for 1 litre of solution but for 1 litre of the complete system: solid com- 
pounds (MA and MC) plus liquid. This notation simplifies the calculations, because 
the difference between total volume and volume of the liquid alone is neglected. 
The difference is so small, however, that the error made may certainly be neglected. 
The index t indicates the total amount of a substance present. 

Furthermore, it should be noted that s1 and sp have been defined in-equations (6) 
and (8) as the products of the ionic concentrations, not of the ionic activities. The 
influence of this difference will be discussed in the section on the causes of error. 

We define: 

x = P&l + P-fClsol + D-W&~ (1) 

y = [Al,01 + WA] sol -i- P-&Also1 + [AhA (2) 

A’ = [Also~ t [HALOI + [HzAlsol (3) 

a_-[CIRol 
(4) 

X 

s1 and sa are the “solubility products” of MC and MA, respectively, E is the molar 

extinction coefficient of C, and d is the path length of the light in the spectrophotom- 

eter cell. 
From these definitions we see that, if no A is added and there is only a satur- 

ated solution of MC: 

[Mlsol - [Cl,01 = Sl (6) 

and because x = [Mlsot, substitution of equation (4) gives ax2 = s1 and 

Al- Sl x= - 

a 
(7) 

If so much A is added that the solution is saturated with respect to MA, but no 
solid MA is formed, it is seen from 

Msol * [Alm1 = 52 63) 
that 

Combination with equations (2), (4), (5), (6) and (7) gives: 

y,s,, ” 
B J Sl 

(9) 

This value gives the amount of y which is at least necessary to give an extinction 
larger than the blank. 
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If solid MC and MA are both present, equations (IO)-(14) are valid: 

[Clt = x c [Cl,w 

Mt = P&I mL [Ml>,,~ + PU,,_, 

[Ml>,c = [Clw 

[Al,,, = [MIxi 

[Mlt = [Clt 

Substitution of equations (10) and (1 I) in (12) and subtraction of (14) gives: 

x = [Mlsol t [Ml,,., 
From equations (2), (3), (5) and (13) we find: 

[Ml,, \ z y - y 

and from (4), (6), (8) and (16): 

[Ml,,, = y - ;. ; . x 

From equations (4), (6) and (15) we see: 

1Mh.i = x - z 

Combination of (17) and (18) gives: 

x=y_52.cc.x+s1 
Sl P XX 

After rearrangements we find the quadratic equation: 

x2 1+5’ 1 aI 
Sl . p\ 

_yx__%=o 
Solution of this equation gives: 

y-k Y2f4_1S!+B- 
J 

4 . s2 

a 
X== 

2$2.Y 
Sl B 
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(10) 

(11) 

(12) 

(13) 

(14) 

(15) 

(16) 

(17) 

(18) 

(19) 

(20) 

(21) 

For many practical cases 3 C 3 
B a 

, i.e., the apparent (conditional) solubility constant 

of MA is much smaller than that of MC. Therefore in those cases equation (21) 
simplifies to : 

y+ y2+4+ J cm . 
x= 

2 

The extinction measured, however, is caused by one of C, HC or H,C, and not by 
their sum x. Therefore, the relation between x and this specimen should be used. 
In this paper the extinction of C is measured, and equation (4) gives the relation 
required. 
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From Beer’s law : 
E=e.c.d. 

and from equations (4) and (22) it now follows that 

(23) 

where E is written for the extinction from C. We assume that the contribution of 
HC and H,C to the extinction may be neglected. 

It is necessary at, this point to stress the fact that the values of cc and s1 may vary 
with the experimental conditions. The variation of cc is caused especially by the pH 
and also by the dissociation constants, which vary with the composition (including 
ionic strength) of the solution. The variation of sr is caused especially by the com- 
position of the solution. For these reasons the indices b and s are used below, b 

indicating the blank and the calibration solution, which generally will have the same 
over-all composition, and s indicating the sample solution. 

In this way we find for the difference between the extinction of the sample solution 
and the blank, the value 

The difference between the extinction of the calibration solution and the blank 
solution is given by: 

AEti+_?jy+Jyl’~) -+A!$ (2(j) 

The equations are simplified if as = ab = 1. 
This was the case in our experiments. The relative error: 

F = AL - AEb 

AE, 

is now given by: 

Causes of error 

F = Y/y2 -t 4sr.s - 1 ‘F+x 

y + “‘y2 + 4S1,Y 
(27) 

(4 

(b) 

(4 

The main causes of error are: 
Errors caused by foreign compounds reacting chemically with one of the com- 
ponents of the solutions or absorbing at the wavelength used. They are not 
discussed in this paper. 
Photometric errors. They are discussed briefly in the discussion on the scope 
of the method 
Errors caused by different conditions and compositions in calibration and sample 
solutions. They are discussed below. 

Errors from dlxerent conditions. It is clear that a is a function of the dissociation 

constants and of the pH. In the case when H,C is chloranilic acid, with pK, = O-85 

and pK, = 3.18, a pH above about 5 is necessary to ensure that small differences 
in pH do not give large differences in a. Regarding @, a lower pH value may be used 

if A = SOd2-. In non-aqueous media the calculation of the desirable pH region is 
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complicated by the fact that K values are not generally known in those media, and 
that pH values measured in the conventional way may be seriously in error because 
the diffusion potential between reference electrode and sample solution is often un- 
known. Fortunately, it is possible to find conditions, which have not to be kept 
rigorously constant, without danger for changes in a and /3. 

More serious, however, is the variation of sr with the experimental conditions. 
This is now treated in some detail. 

If the symbol s is used for the product of ionic concentrations in the’ saturated 
solution, a for activities, c for concentrations, f for activity coefficients and w for 
ionic strength, we see that 

It should be noted that for calculations of o, concentrations have to be expressed in 
moles/kg of solvent and not moles/litre of solution. 
Now 

SUE0 = a, . aM 

and combination of equations (28) and (29) gives: 

(29) 

The values of fc and fM are approximately equal if both ions have the same charge. 
Writing f = fc = fM, we find: 

1 
s, = s,,o.- 

F 

The values of f are found approximately from:14 

-log f = 
?A z/o 

l+Sb%‘& 

(31) 

(32) 

In this equation b is the ionic radius of M2+ and C2-; z is their charge. The values 
of A and 6 depend on factors of which only the dielectric constant of the medium 
is important to us. The exact value of b is not known, but at low values of u, 
6b2/o < 1, and therefore the exact value is not very important. We used b = 
5 x IO-*. Values of A and 6 were calculated for some cases of practical importance: 
(1) water, (2) water-ethanol mixture containing 50 ml of 95.5% ethanol in a IOO-ml 
total volume (i.e., 437; ethanol), and (3) the same but 75 ml of 95.5% ethanol in 
100 ml (i.e., 69% ethanol). For water D = 80, and for the mixtures D = 54 and 
40, respectively. l5 Inserting these values and z = 2 or -2 in the formulae for A 
and S found in the literature,i4 we find: 

for water: 

for 43% ethanol: 

for 69% ethanol: 

-logf = 
2.00 %G 

1 + 1.641/o 

--log f = 
3.65 z/o 

1 + 2*002/w 

--log f = 
5.65 d/w 

1 + 2.342/w 

(334 

WV 

(33c) 

12 
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Table I gives some values off for various values of PJ. It is clear that for low values 
of o, the value of f is chiefly determined by the numerator. Therefore about the 

same value of f is found in water and in 6910 ethanol if (2.00 d/W)WdtfXr = 

(5.65 d&s,, et~xmol~ i.e., the ionic strength in water may be eight times as high as 
in the mixture to give the same effect. From this we may conclude that in this respect 
water is a more favourable solvent than the mixtures. 

More generally, the relative influence of ionic strength in various media may be 
approximated by the fact that A is proportional to D3j2. 

TABLE I.-VALUES OF f FOK BIVALENT IONS 

Ionic strength 
(w) 

Activity coefficient (f) 

Water 43”” Ethanol 694, Ethanol 

10-5 0.986 0.974 0.960 
1.1 x 10-S 0.985 0,973 0.958 

10-4 0.956 0.921 0.881 
1.1 x 10-d 0.954 0.917 0.875 

10-S 0.871 0.779 0.682 
1.1 x 10-s 0.865 0.770 0.670 

10-z 0.673 0.496 0.348 
1.1 x 10-a 0.662 0.482 0.334 

10-l 0.383 0.196 0.094 
1.1 x 10-l 0.371 0.187 0.088 

CONCLUSIONS FROM THEORETICAL DISCUSSION 

Calibration curve 

A calibration curve was calculated from equation (26). The values used were 
y = 1O-s to 3 x 10-5, s1 = 6 x lo-l1 c=27*5 x 103, d=4 and a=p= 1. In 
Table II the results are given and comiared with those obtained, assuming every ion 
of AZ- liberates one ion of C2-. The table shows that the extinction values, calculated 
in the first way, are much lower, and that the deviation from linearity is large. 

TABLE IL-RELATIONSHIP BETWEEN SULPHATE 
CONCENTRATION 0’) AND EXTINCTION (E) 

Y E* Eb * 

10-e 0.055 0.110 
3 x 10-a 0.180 0.330 

10-S 0.710 1.10 
3 x 10-h 2.65 3.30 

* Calculated from equation (26). 
b Assuming 1 SO,%- gives 1 C2-. 

Consequences of variation of sl with w 

The error F was calculated from equation (27) for the case when w = 0.01, both 
in blank and calibration solution, and (1) = O*Oll, 0.013 and 0*020 in the sample 
solution (69:/, ethanol). It was found from experiments that when w = O-01, s1 = 
6 x 10-l’. From this value and equations (31) and (33~) the values 6.5 x 10-l’, 
7-6 x IO-l1 and 11.9 x lo-l1 were calculated for the solubility product at w = 0.011, 
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0.013 and 0.020. Table III shows that at w = O-01, the ionic strength of the sample 
solution should not differ more than about 10 or 20% from the ionic strength of the 
blank and calibration solutions. 

TABLE III.-ERROR (F) RESULTING FROM A DIFFERENCE 
IN IONIC STRENGTH (0) BETWEEN BLANK AND SAMPLE 

SOLUTION AT VARIOUS SULPHATB CONCENTRATIONS (y) 

Y wb WS F, % 

10-E 0.010 0011 4 
10-6 0.010 0.013 11 
10-0 0.010 0.020 28 

3 x 10-6 0.010 0011 3 
3 x 10-e 0.010 0.013 9 
3 x 10-6 O*OlO 0.020 25 

10-s 0.010 @Oil 2 
lo-’ 0.010 0.013 6 
10-S 0.010 0020 16 

EXPERIMENTAL 

Barium chloranilate was prepared by slowly adding, at room temperature, with stirring, a slight 
excess offf ,C in 4 litres of water to 250 ml of 0*04M barium chloride solution. A fme purple pre- 
cipitate is formed. After standing overnight the liquid is decanted, and the BaC is filtered by suction 
through a porcelain filter. After washing with ethanol and ether, the product is dried at 100”. 
Some water is retained unless the product is dried for some considerable time. A less satisfactory 
brown product was obtained when the directions of Bertolacini and Barney’ were followed, i.e. when 
a large excess of barium chloride was added to the H,C solution. 

For preparation of the calibration curve, the sample, containing very little free hydrogen ion, is 
transferred to a 100-ml calibrated flask. Five ml of 10% urotropine solution, 10 ml of O*lM sodium 
chloride solution and 75 ml of 955% ethanol are added exactly, followed by water to just below the 
calibration mark. This causes a rise in temperature of about 5”. The flask is placed in a thermostat 
bath at 20” for 10 min. the volume adjusted with water, 50 mg of BaC added and the flask again 
placed in the thermostat bath for at least 1 hr with occasional shaking. The suspension is filtered 
through a G4 filter (Fig. 1) by application of gentle pressure. Part of the filtrate is collected in a 
spectsophotometerall and sucked from it with a polythene tube. This filling and suction procedure 
is repeated twice. In this way the cell is cleaned and filled with the required solution without risk 
that any liqoid touches the outside of the walls, and that change of the absorption results from 
complete puritication of the walls. The blank and calibration solution were measured in the same 
cells. As reference an approximately lo-‘M potassium dichromate solution in 0*02M sulphuric acid 
was used. 

RESULTS 

Some extinction measurements were made of aqueous solutions of chloranilic acid 
at various pH. The results at pH 3-9 agreed with the values of pK, given in the 
literature and gave a value of 28 x 10s for E. At pH t3 the extinction was slightly 
higher than expected, probably because of the extinction of HsC or HC-. The 
difference was so small, however, that no interference from H& and HC- may be 
expected at the pH used for the measurements. 

In 69% ethanol the value for E was 275 x 10s. No measurement of the dissocia- 
tion constant was made in this solvent, for the reason given above, but it was found 
that at an apparent pH of 6-6.5 (measured with the glass electrode), prepared with 
urotropine, small changes in pH did not influence the results. The solubility product 
of BaC was calculated from measurements of Cs- with the assumption that BaC is 
completely dissociated. 

In 690/, ethanol in O*OlM (0.0115 molal) solution of sodium chloride the value 
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25 I- mm 

Pressure 

Sintemd glass G4 

FIG. I.-Filtration apparatus. 

found was s1 = 6 x lO--ll. In 43% ethanol and w = O-01 the value was about 
16 x lo-lo (20”). The large difference of these values makes it necessary for the 
ethanol concentration to be controlled rigorously. 

The validity of equations (31) and (33c) was tested by measuring the extinction 
of saturated solutions of BaC to which different monovalent salts were added. The 
agreement of the results with theory is good (Table IV). Some experiments showed 
that slightly different results were found if sodium chloride was replaced by potassium 
nitrate in the same concentrations (the values in the presence of potassium nitrate 
were corrected for nitrate extinction, E = O-6). This proves that not only the ionic 
strength but also the type of ion present influences the results. 

A calibration curve was prepared for quantities of sulphate ranging from 18 to 
108 ,ug in 69% ethanol and o = 0.0115 in sodium chloride. The agreement with 
the theoretical curve is satisfactory. For s, the value 3 x lo-l6 was used. It has 
been calculated from the value 4 x 10-l’, found by interpolation from the data given 
in the literatureIs and correction of this value for o = O-0115. The agreement with 
theory is very bad if it is assumed that one C2- is liberated for each SOa2- added. 
(Fig. 2). In later experiments the curve was extended up to 400 pg of sulphate. The 
theoretical curve was also followed closely in this region. 

For large values of y the difference between both curves corresponds to a difference 

in concentration of %$ = 7-7 x 10Fs moles/litre, i.e., with 74 pg of sulphate/lOO ml. 
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TABLE W.--RELATIONSHIP BETWEEN IONIC STRENGTH AND 

EXTINCTION OF SOLUTIONS OF BARIUM CHLORANILATE IN 

69% ETHANOL 

Ionic strength 
Extinction 

Salt ___ 
Calculated Found 

1.71 x 10-h 
3.42 x lo-’ 
8.55 x lo-’ 
1.71 x lo-’ 
5.88 x lo-’ 
8.55 x IO-” 
1.22 x lo-’ 
1.72 x lo-* 
2.57 x lo-’ 

NaCl 0.086 0.075 
NaCl 0.095 0.088 
NaCl 0.106 0096 
NaCl 0.122 0.108 
NaNO, 0.177 0.174 
NaCl 0203 0.220 
NaNO, 0.242 0.267 
NaNOl 0.280 0.339 
NaCl 0.358 0.395 

Therefore, a calibration curve constructed for high sulphate concentratiions extrap- 
olated to low sulphate concentrations suggests zero extinction for 47 ,ug of ,aulphate/ 
100 ml. 
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Fm. 2.-Calibration curve at 332 m,u in 100 ml of tinal solution (69% ethanol): 
- experimental, 
- - - calculated from equation (26), 

_._. calculated by assuming 1 SO,‘- gives 1 C*-. 

SCOPE OF METHOD 

The sensitivity of a calorimetric method may be limited by two factors: chemical 
and instrumental. The latter factor is caused by the fact that at low extinction readings 
the percentage error is greatly increased. Assuming the Ringbom curve to be valid 
and accepting a value of O*2o/o for the standard deviation in the transmission measure- 
ments, the percentage error in E from the instrument is 1% at E = O-10, 2% at 

E = 0.05, 43% at E = 0.02 and 9% at E = 0.01. 
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The chemical error probably arises largely from the uncertainty in the blank (salt 
concentration). 

The total error is found by quadratic addition of both errors. In the present 
example it seems that the instrumental error is of minor importance, but if the chemi- 
cal error is reduced, the instrumental one may become the limiting factor. 

One way to achieve this reduction seems to be a decrease in the value of the blank 
itself, which, probably, will give improvement in the reproducibility. In our experi- 
ments this was performed by the addition of ethanol, but the blank remained too large. 

A disadvantage, however, of this change in the procedure will be that with constant 
sample volume the final volume will be increased considerably. 

In any case, it is necessary that the ionic composition is controlled between narrow 
limits. It seems, therefore, that the practical application of the procedure will be 
limited to those problems in which good control of the ionic composition of the 
sample is possible. 

The chloranilic acid method has also been used with other metal salts of the same 
anion. In some cases the solubility is less and it is an important consequence that it 
makes the control of the ionic composition less stringent. For the sohtbility product 
of the lead salt in 69% ethanol we found 2.5 x 10-12. Unfortunately, however, the 
solubility of lead sulphate in this medium is too large to make this favourable aspect 
useful for the determination of sulphate. Similar unfavourable results were obtained 
with 5Oo/o dioxan and 50% methylcellosolve solutions. 

This consequence that a less soluble product (or a stronger complex) is required, 
may be a disadvantage of the use of a less soluble metal chloranilate. 

Another possibility for increasing the sensitivity seems to be the replacement of 
the chloranilate ion by another ion giving less soluble salts. The value of E, though 
theoretically limited,l’ may also be higher than in our case. 

Zusannnenfassung-Die Bestimmung von einigen Anionen (z.B_ das 
Sulfat) kann durchgeftihrt werden durch die Reaktion mit einer wenig 
dissozierte oder wenig liisliche Verbindung (z.B. Bariumchloranilat). 
Von dieser Reaktion wird ein anderes Anion (z.B. Chloranilation) 
freigesetzt, dessen Extinktion gemessen wird. In dieser Arbeit ist eine 
Gleichung abgeleitet worden ftir die Beziehung zwischen der Sulfat- 
konzentration und der Extinktion. Fur niedrige Konzentrationen ist 
die Beziehung nicht linear. Eine Eichkurve wurde hergestellt und 
zeigte gute Ubereinstimmung mit der Theorie. Die Genauigkeit war 
ungefiihr 5 ‘A bei 20 pg Sulfat, etwas besser bei grosseren Mengen. 
Es wird nachgewiesen dass viele Stbrungen erkhirt werden kbnnen 
durch Beriicksichtiging der Aktivitiitskoeffizient. Die Miiglichkeiten 
dieses Verfahrens werden erortert. 

R&sum&.-La determination de certains anions (par example le sulphate) 
peut &re ext5cutee a l’aide de la reaction avec une substance peu 
dissociQ ou peu soluble (par example le chloranilate de baryum). Par 
cette reaction un autre anion (l’ion de chloranilate) est lib&e et son 
extinction est mesur6. Dam notre publication une equation es-t derived, 
exprimant la relation entre la concentration de sulphate et I’extinction 
mesure. A concentrations basses la relation n’est pas lineaire. Une 
courbe d’ttalonage est en bon rapport avec la thborie. Elle montre 
une precision de 5 ‘A, quand 20 pg,de sulphate sont determines. Avec 
des quantites plus ,&ev&s, la precision est meilleure. Nous avons 
demontm que beaucoup d’erreurs sont explicables, considerant les 
coefficients d’activitt. Les possibilitts de cette methode sont discut6es. 
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PRELIMINARY COMMUNICATION 

Extractive titrations using metalbchromic indicatorS 

(Received 9 March 1964. Accepted 9 March 1964) 

DURING recent years many new complexans as well as metallochromic indicators have been 
investigated to try and obtain higher selectivity, reproducibility and simplicity in the complexometric 
determination of various metals. 

On the other hand, organic reagents forming metal chelates extractable into organic solvents, 
such as carbon tetrachloride and chloroform, etc., have only been used as titrants to a small extent. 
Although such extractive titrations have been known for quite a long time,’ they are limited to the 
case when the chelate formed is intensely coloured and the colour of the reagent used differ8 from 
that of the metal chelate (dithizone extraction). For this reason a great number of organic reagent8 
forming slightly coloured or colourless metal chelates soluble in an organic solvent cannot be used a8 
titrants, although their extraction properties are well known and systematically studied.* It has now 
been shown that the application of metallochromic indicators enables these organic reagent8 also to be 
used for extractive titrations. 

It is evident that extractive titration with a metallochromic indicator can be successfully carried 
out only if the following conditions are fulfilled: 

1. Neither the metallochromic indicator nor its metal chelate is extracted into the organic solvent. 
2. The organic reagent forms extractable chelates the extraction constants of which are sufficiently 

high and whose solubility in organic solvents is of the order of >O.l g/litre. 
3. The extraction constant of the metal chelate is higher than the stability constant of the metallo- 

chromic indicator with the same metal. 
4. The time of reaching equilibrium is not greater than 1 min. 
5. The stock solution of the organic reagent is sufficiently stable. 
Further discussion of these conditions, especially points 2 and 3, will be given in a subsequent 

paper. Although the above limitations are fairly restrictive, from among the great number of organic 
reagents and metallochromic indicators now available many will undoubtedly be suitable for this 
type of titration. 

Experimental verification of extractive titrations using metallochromic indicators was made a8 
follows. IronKII was titrated at pH 3-4 using acetate buffer and 2 drops of 2% aqueous Tiron a8 
indicator. The titrant was 1.5 x lO+M aqueous cupferron stabilised according to Kolthoff and 
LibertP by ammonium carbonate. Chloroform was used as the organic solvent. Under these con- 
ditions Tiron forms with tiron a bluecoloured chelate soluble in water. At the equivalence point the 
blue colour in the aqueous phase disappears. If the equivalence point has to be observed precisely, 
the organic layer can be discharged and a fresh portion of chloroform added before the end of the 
titration. When the titrated solution is shaken in a separatory funnel, the time for reaching equili- 
brium is a maximum of 20-30 sec. In the case of determining milligram amount8 of iron (volume: 
20 ml) the precision of titration is satisfactory, the relative error being kO.5 %. 

Compared with normal complexometric titration the advantage of extractive titration lies in 
the fact that the tested metal is not only determined but also separated from the treated solution, 
which remains free also from an excess of the titrant. As the extraction constants of many metal8 
differ considerably from the stability constants of many of their chelates, new type8 of selective 
determinations may become possible. A disadvantage of this type of titration compared with normal 
complexometry is that stock solutions of the organic reagents involved are often less stable than those 
of complexans. 

JAROM~R RPIWKA 
Department of NucIear Chemistry 
Faculty of Technical and Nuclear Physics 
Praha I, Bfehov& 7, Czechoslovakia 

Summa~--The possibilities of extractive titrations using metallo- 
chromic indicators are discussed. 
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Zusammenfawmg-Die Mijglichkeiten extraktiver Titrationen mit 
Metallfarbindikatoren werden diskutiert. 

R6sun&-On discute des possibiliti de dosages par extraction au 
moyen dzindicateurs m&allochromes. 
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SHORT COMMUNICATIONS 

Spectrophotometric determination of hydrogen peroxide in alkalti solution 

(Received 11 September 1963. Accepted 6 February 1964) 

SEVERAL methods1-0 are available for the spectrophotometric determination of hydrogen peroxide, 
the situation up to 1953 having been reviewed by Duval. lo Except for the method of Erdey and 
Inczedy,* in which hydrogen peroxide is determined at pH 12, all procedures are either for acidic or 
neutral solutions. 

A simple spectrophotometric method for the determination of concentrations of about lo-*M of 
hydrogen peroxide in 0.1 M potassium hydroxide solution has now been developed. It is based on the 
decrease in absorbance of potassium hexacyanoferrate(III) in alkaline solution: 

2K,Fe(CN), + H,O, + 2KOH -2K,Fe(CN), + 2H,O + 0, 

A similar reduction of hexacyanoferrate(III) by hydrogen peroxide in 30% alkaline solution has previ- 
ously been used to determine hydrogen peroxide (6 x lo-“M) by potentiometric titration.” 

EXPERlMENTAL 
Reagents 

Pofassium hexacyun@rrate(ZZZ). Analytical-grade reagent was dried at 60” for 20 hr, then cooled 
in a desiccator. 

Potassium hexacyanoferrate(ZZ). Analytical-grade reagent was dehydrated by heating at 1 loo for 24 
hr, then cooled in a desiccator. 

Hydrogenperoxide. 50% HIOI solution was used as received from the Food Machinery and 
Chemical Corporation, U.S.A. 

Distilled water. Redistilled from alkaline potassium permanganate in a stream of oxygen. 
Potassium hydroxide. Standard (1 M) solution as supplied by British Drug Houses Ltd., England. 

The absorption spectra of potassium hexacyanoferrate(II1) and hexacyanoferrate(I1) at room 
temperature (294, as measured with a Beckman DU spectrophotometer in a l-cm silica cell, are 
shown in Fig. 1. Potassium hexacyanoferrate(lI1) shows absorption maxima at 260,302 and 418 rnp, 
the absorbance being identical in aqueous and O*lM potassium hydroxide solution. Potassium 
hexacyanoferrate(I1) has no maxima in its absorption spectrum. 
0.1 M potassium hydroxide solution than in aqueous solution. 

Its absorbance is slightly less in 

Aqueous solutions of potassium hexacyanoferrate(II1) obey the Beer-Lambert Law up to quite 
high concentrations (Fig. 2).* The absorbance at 418 rnp of a mixture of potassium hexacyanoferrate- 
(III) and hexacyanoferrate(I1) (each approximately 10-BM) is a direct measure of the hexacyano- 
ferrate(II1) concentration. The absorption peaks at 260 and 302 my for hexacyanoferrate(II1) are not 
useful for the analysis of mixtures of hexacyanoferrate(lII) and hexacyanoferrate(lI) because hexacy- 
anoferrate(I1) has an appreciable absorbance at these wavelengths. 

Aqueous solutions of potassium hexacyanoferrate(I1) develop a yellow colour on standing, but 
solutions in @l M potassium hydroxide are stable. Therefore, determination of hydrogen peroxide by 
the decrease in absorbance it causes of a solution of potassium hexacyanoferrate(III) is best carried 
out in 0.1 M potassium hydroxide. 

The rate of reduction of potassium hexacyanoferrate(III) by hydrogen peroxide is dependent on the 
hydroxyl ion concentration of the solution (see Table 1). 
purposes in 0.1 M potassium hydroxide. 

It becomes sufficiently rapid for analytical 

Various volumes (1-15 ml) of 3.23 x 10-JM hydrogen peroxide solution were added to 20 ml of 
5 x 10-SM potassium hexacyanoferrate(II1) solution and 10 ml of 1M potassium hydroxide. 
The mixtures were diluted to 100 ml and allowed to stand for 25 min, then compared at 418 rnp in 

* The results at 302 m/h are included for anyone interested in determining hexacyanoferrate(II1) 
alone, in which case measurements at 302 rnp will be more sensitive than those at 418 rnp. 
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Wavelength. mp 

FIG. 1 .-Absorption spectra: 
1. 4.19 x lO_*M K,Fe(CN), in water or O.lM KOH. 
2. 9.54 x 10m4M K,Fe(CN), in O.lM KOH. 
3. 9.54 x lo-*M KdFe(CN),I in water. 

We (CN),, Mx 10-4 

FIG. 2.-Conformity to Beer-Lambert Law of K,Fe(CN), at 29’: 
0 aqueous solution at 302 m/r: cSoI = 1648 mole-l. cm-l, 
0 aqueous solution at 418 rnp: edI8 = 1012 mole-l. cm-l. 
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I-cm silica cells with a blank prepared from potassium hexacyanoferrate(lll) and potassium hydrox- 
ide solutions alone. The sample was placed in the “check” position and the blank in the “measure” 
position of the spectrophotometer. This arrangement gave absorbances which were a direct measure 
of the hexacyanoferrate(Ill) reduced by hydrogen peroxide. A comparison of the concentrations of 
hydrogen peroxide expected with those found on the basis of the hexacyanofecrate(lII) reduced is 
shown in Table II. The standard deviation of the results is &2*4%. 

Many common ions, such as chloride, bromide, sulphate and phosphate, are stable towards 
hexacyanoferrate(II1) and hexacyanoferrate(I1); therefore they will not interfere in the determination 

TABLE I.-DEPENDENCEOFTHERATEOFREDIJCTIONOF~~~~ x 10-3M~~~~~~~~~~~~~~~~~~~~~~~- 

(IlI)BY 3.336 X lo-"MHYDROoEN PEROXIDEONTHEHYDROXYLION CONCENTRATlONOFTHE 

SOLUTION 

KOH, M 
H,O, reacted with 
hexacyanoferrate(II1) 
inl8hr,Mx lo-* 
Approximate time for 
reaction completion, 

min 

0.0 04001 04005 0401 oal5 o-01 0.1 

Nil 0.198 1.54 2.63 3.31 3.31 3.34 

c not measured + 50 15 13 

TABLE 11.-A COMPARISON OF THE CONCENTRATIONS OF HYDROGEN PEROXIDE EXPECTED WITHXHOSE 

FOUND ON THE BASIS OF HEXACYANOFERRATE(III)REDUCED IN ALKALINE SOLUTION 

Hoot expected, 
M x 1O-4 

H103 found, 
M x lo-& 

4.84 4.20 3.55 3.23 2.91 2.26 I.62 0.969 0.323 

4.94 4.34 3.65 3.35 2.95 2.25 1.65 0.959 0.311 

of hydrogen peroxide. Obviously, the method will not be directly applicable in the presence of ions 
which react with hexacyanoferrate(III), with hexacyanoferrate(I1) or with both. The authors have 
used the method with good results to measure hydrogen peroxide in irradiated alkaline solutions of 
potassium bromide in studies of aqueous radiolysis in the alkaline region. 
Acknowledgement-The authors thank Dr. A. R. Jones for his critical reading of the draft of this 
publication. 

Atomic Energy Centre 
Ferozepur Road 
Lahore, Pakistan 

FARHATAZIZ 

GHAZANFARA.MIRZA 

Summary-A method of analysis of hydrogen peroxide in concentra- 
tions of about lO-‘M, applicable to solutions which are stable towards 
alkaline hexacyanoferrate(II1) and hexacyanoferrate(II), is suggested. 
The hydrogen peroxide is determined spectrophotometrically at 
418 rnp from the decrease in absorbance it causes in a 1 x 10-3M 
potassium hexacyanoferrate(II1) in O.lM potassium hydroxide. 

ZnsammenfasannR-Eine Methode zur Bestimmung von Wasserstoff- 
peroxyd in Konzentrationen von etwa lo-“rn wird vorgeschlagen. 
Sie la& sich auf Liisungen anwenden. die gegen alkalisches Hexacyano- 
ferrat(III) und -(II) stabil sind. Das Wasserstoffperoxyd wird spekral- 
photometrisch bei 418 m,u bestimmt an Hand der Extinktionsabnahme, 
die es an einer l.lO-am Kaliumhexacyanoferrat(lIII)-Losung in 0,lm 
Kaliumhydroxyd hervorruft. 

R&m&--On propose une m6thode de dosage de I’eau oxygen&e il des 
concentrations d’environ lo-‘M, applicable aux solutions qui sont 
stables vis-a-vis des hexacyanoferrate(II1) et hexacyanoferrate(I1) 
alcalins. L’eau oxygen&e est dosee spectrophotomttriquement a 
418 rnp, par la diminution d’absorbance qu’elle apporte a une solution 
1 x lo-*M d’hexacyanoferrate(II1) de potassium en potasse 0,lM. 
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l-lsonicotinoyi-~IicylidenehydrPzine as a new chelatometric reagent 

(Received 25 October 1962, Accepted 17 February 1964) 

THE development of chelatometry in recent years has been responsible for the introduction of a 
number of organic reagents and new indicators. It has been observed in the case of certain reagents 
that their condensation with other compounds containing complex-forming groups(or evensometimes 
the self-coupling product’) becomes a specific reagent for some cations. In the course of development 
of new reagents which may exhibit specific reactions with some cations we have examined the complex- 
forming properties of l-iso~~tinoyl-2-~l~lide~hy~ne. $ While much work on the reagent 
remains to be done, the present paper briefly reports some of its possible applications for the deter- 
mination and detection of cations. 

The reagent was prepared by retluxing about equimolar quantities of isonicotinic acid hydrazide 
(isoniazid) and salicyladehyde (this being in slight excess) in 95% ethanol.” The product, after 
washing with water and ethanol to remove any unchanged reactants, had a m.p. of 265”. A t31% 
solution of the reagent in 99.9 % ethanol is a very light yehow in the pH range 1-7, but deepens in the 
pH range 8-13. The change of c&our can probably be attributed to the following two forms of the 
reagent 

OH OH 

The reagent solution was investigated for metail~~omic and chelatometric properties with the 
following 31 cations: Ag’, NaI, KK, Rb’, Csr, Hg II, Pbrr, Cu”, Snt*, Fe”, Nix*, Cot’, Znti, Mn”, 
Catr, Srtr, Bat’, Mgrr, Pdrr, TiOIr, VOtt, UO,rt, Sbtrt, AFtI, FelIr, Crrtr, Auttt, Cetv, ThIV, 
Zrrv and PtrV. The experiments were carried out with 2 ml of OaOlFand @lF solutions of suitable 
salts of the cations and 10 ml of the reagent. Any colour developed and/or the appearance of a pre- 
cipitate was noted. The important observations are presented in Tables I and IL. 

TABLE I-CATK~NS FORMXNG PRECIPITATES WITH 

Cation 

Cu” 
Nirr 
Zn” 
Pdr” 
CetV 

Salt used 

CuSO15H,0 
NiS01*7HB0 

Zn(CH,COO),*ZH,O 
WCI, 

2(NHI),Ce(SO&+*2H,0 

Colour of 
precipitate 

Green 
Orange 
Bright yellow 
Deep yellow 
Light yellow 
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TABLE ~~--CATlONS FORMING SOLUBLE COMPLEXES WITH 

l-I.SONICOTINOYL-2-SALICYLIDENEHYDRAZINE 

Cation Salt used Colour 

Colour change on 
addition of 

excess 
EDTA 

Pb” 

Fe” 

Pb(NO,), 

FeSO&NH,),S04.6H,O 

Deep yellow 

Brown 

Co” Yellow 

Very light 
yellow 

Very light 
yellow 

Very light 

Snll 
TiO” 
VO” 
uo**r 
Sb”’ 

Al”’ 

SnCl, 

K,TiO(C,O,),.ZH,O 

VO(SO*) 
UO,(CH,COO),.ZH,O 

Sba(SO.)a 

AlC1,.6H,O 

Deep yellow 
Orange-yellow 
Deep yellow 
Orange-yellow 
Yellow 

Deep yellow 

yellow 
Colourless 
Yellow 
Greenish yellow 
Yellow 
Very light 

yellow 
Very light 

yellow on 

Fe”r Brown 

Th’v Th(N0,),.4H@ Deep yellow 

heating 
Very light 

yellow 
Very light 

Zr*v Zr(NO,),*5H,O Deep yellow 
yellow 

Yellow 

It is evident from Table I that Cul’, Nil’, Zn”, Pdl* and CeIv give distinctly coloured precipitates 
with the reagent. The precipitation of Cu” is quantitative and has been utilised for its gravimetric 
determination. The reagent presents some difficulty in gravimetry because of its low solubility; 
its sodium salt serves as a better precipitant. Furthermore, because Cd”, Co”, Mn”, Thlv and 
Zrlv are not precipitated by the reagent, its utility for the following separations seems to merit 
investigation: 

Cu” in presence of Cd”, 

Nil’ in presence of Co”, 

Zn” in presence of Mnlr, 

Cerv in presence of Thlv and Zrrv. 

Then investigations are in progress and the results will be published in due course. 

Acknow&+e~cn?-The authors wish to thank Professor P. K. Kelkar, Director, Indian Institute of 
Technology, Kanpur, for providing facilities and for his interest in the work. 

SW-1-Isonicotinoyl-2-salicylidenehydraxine, prepared by the 
condensation of isonicotinic acid hydraxide and salicylaldehyde, has 
been examined for chelatometric properties with a number of cations. 
It precipitates Cuxl, Ni”, Zn”, Pdlr and CeIv, and forms soluble 
complexes with Pb”, Fe”, Co”, Sn”, TiO1r, VO”, UO,rr, Sbr*r 
AI***, Felrl, Th’v and ZrIv. 

> 

zmaaatmg-Durch Kondensation von Isonicotinsilurehydraxid 
und Sahcylaldehyd hergeatelltes I-Isonicotinoyl-2-salicylidenhydraxin 
wurde mit einigen Kationen auf seine chelatometrischen Eigenschaften 
gepriift. Es gibt Falhmgen mit Cu’+, Ni*+, Zn*+, Pd*+ und Ce4+ und 
losliche Komplexe mit Pb*+, Fe*+, Co*+, Sri*+, TiO*+, VO*+, UO:+, 
Sba+, Al*+, Fe*+, Th’+, und Zr’+. 
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Resume-La l-isonicotinoyl2-salicylidtne hydrazine a ttt preparte par 
condensation de l’isoniazide avec le salicylaldthyde. On a ttudie ses 
propribtts chtlatometriques avec un certain nombre de cations. Elle 
precipite Cu(II), Ni(II), Zn(Il), Pd(I1) et Ce(IV) et fotme des complexes 
solubles avec Pb(II), Fe(II), Co(R), Sn(II), ‘DO(H), VO(II), UO*(II), 
Sb(III), AI(III), Fe(III), Th(IV) et Zr(IV). 
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Determination of tetraethylthiuram disulphide and elemental sulphur in 

organic extracts using cathode-ray polarography 

(Received 1 November 1963. Accepted 15 February 1964) 

INTRODUCTION 

A NUMBER of polarographic methods have been described previously for the determination of thiuram 
disuIphides1~*~8 and free sulphu+ and in many circumstances these appear to have appreciable 
advantages over calorimetric or other methods, particularly for micro or semi-micro amounts. 
However, no methods have appeared in the literature for the determination of these compounds 
using the linear-sweep cathode-ray polarograph (CRP), and because organic methods are not always 
equally applicable to conventional polarographs and the CRP, the following are described for the 
latter instrument. 

The method for tetra-ethylthiuram disulphide (TETDS) is based on that of Belitskaya’, who 
examined the polarographic waves of TETDS in an ammoniacal, partly ethanolic, buffer. It was 
found that, using the CRP, the current/concentration relationship for TETDS in this buffer was 
very non-linear in the concentration range studied by Belitskaya (150-600 ppm), but by reducing the 
concentration to a level of 15-15~0 ppm, a linear relationship was obtained. Working in this range, 
it is possible to add a small aliquot of the sample solution directly to the polarographic cell containing 
an aliquot of partially deoxygenated base electrolyte. This procedure minimises any modification of 
the base electrolyte by the solvent used in the sample preparation, prevents any oxidation of the 
TETDS which might occur at such low concentrations, and increases the speed of the method. 
Depending on which solvent has been used in the extraction of the synthetic rubber and on the nature 
of the synthetic, the rubber itself may be more or less dissolved in the extraction solvent. On addition 
to the base electrolyte, the rubber *wiII then be reprecipitated, but this does not appear to lead to 
entrainment of the TETDS, uossiblv because of the verv small amounts involved. This is shown bv 
the results given in Table L.’ The 6thyI acetate/isopropanoI solvent does not dissolve a significant 
proportion of the rubber which was being analysed. Therefore, no precipitation occurs when this 

TABLE I-EXTRACTION OF TETDS BY DIFFERENT SOLVENT 
SYSTEMS 

Sample 
TETDS, % 

Chloroform8 Ethyl acetate/isopropanolb 

A 1.48 1.40, 
B 1.20, 1.11, 

l @5 g of rubber dissolved in 24.5 ml of chloroform. 
b 1.0 g of rubber extracted with 2 x 20 ml of 3 : 1 v/v ethyl 

acetate/isopropanoI mixture and the combined extracts made 
to 50 ml. 
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solvent is used. In fact, although two extractions were made with it, the result is appreciably lower 
than that obtained using chloroform as the solvent, probably because of incomplete extraction of 
the TETDS by the ethyl acetate/isopropanol mixture. 
contains O.O2--OGl% of TETDS. 

A third extraction of the rubber usually 

The determination of sulphur caused rather more difficulty. A number of base electrolytes have 
been suggested in the literature for the conventional polarography of sulphur, e.g., pyridine-sodium 
acetate in acetic acid, pyridinium hydrochloride in methanol, and sulphuric acid in methanol. 
However, in all of these base electrolytes, using the CRP the wave-form from the sulphur discharge 
was found to be complex, with several major peaks situated close together. The relative heights 
of these peaks varied with sulphur concentration and also with the presence or absence of TETDS, 
although the latter is discharged at a more negative potential. With none of these previously men- 
tioned base electrolytes was it possible to obtain anything approaching a linear current/concentration 
relationship, at least in the presence of TETDS. The sensitivity was, however, very high, as little as 
0.5 ppm of sulphur giving a peak current of the order of 2 ,uA. 

The sharp, wedge-shaped peaks obtained in the above-mentioned base electrolytes suggest that 
the polarographic current for sulphur using the CRP is considerably modified by an adsorption 
process. It was thought, therefore, that the addition of a powerful surface-active agent to the base 
electrolyte might cause a major alteration in the appearance of the wave-form, possibly leading to a 
reduction in sensitivity of the method, which would be tolerable, but also leading to a simplification 
of the wave-form, which was the desired effect. When a considerable quantity of cetrimide 
(a mixture of dodecyl-, tetradecyl- and hexadecyl-trimethylammonium bromides) was incorporated 
into a pyridine-pyridinium chloride in methanol base electrolyte, only one major peak was in fact 
observed for sulphur, and it was possible to obtain a reasonably linear current/concentration rela- 
tionship, although only over a narrow range of sulphur concentration, 006060 ppm. However, 
the sensitivity was enhanced, rather than decreased. The calibration was found to be still a little 
dependent on the TETDS concentration, but by preparing the calibration graph in the presence of 
TETDS at about the concentration it would be present in the solution from the sample, the effect 
was minimised. 

RESULTS AND DISCUSSION 

It is not possible to ascertain the over-all accuracy of the method as applied to synthetic rubbers, 
because of the uncertainty in the final amounts of sulphur and TETDS in the dry rubber, even when 
measured amounts have been added to the lattices. No other methods have been tried for comparison, 
but it is unlikely that they would give any clearer picture of the accuracy of the polarographic method. 
However, the reproducibilities of the methods have been determined by calculating the standard 
deviation of a series of replicates on the same batch of rubber. In this test, 05-g samples of the 
rubber, each cut into IO-15 pieces, were dissolved in 24.5 ml of chloroform by shaking for about 
2 hr. The results were as follows: 

Tetra-ethylthiuram disulphide (10 determinations): mean = 1.61% w/w, 

standard deviation = 0.02; 

Elemental sulphur (10 determinations): mean = 030% w/w, 

standard deviation = 0.01. 

EXPERIMENTAL 

A solution or extract of the synthetic rubber is prepared using, for example, a 0.5- or 1.0-g sample 
and ending with a final solution volume of 25 or 50 ml. The solvent used will depend on the synthetic 
under investigation; we have used both chloroform and an ethyl acetate/isopropanol mixture. The 
solution should contain 20-1500 ppm of TETDS and 5-150 ppm of sulphur. 

Polarogruph. KlOOO cathode-ray polarograph of Southern Analytical Ltd., Camberley, Surrey,* 
England. 

Determination of TETDS 

Base electrolyte. A mixture of 30 ml of 95% ethanol, I5 ml of aqueous 1M ammonia: 1M am- 
monium chloride buffer, and 5 ml of 10% w/v sodium sulphite solution. (This latter solution should 
be prepared fresh daily). 

Procedure. A suitable aliquot (005-0.50 ml) of the sample solution is added to 5 ml of partially 
deoxygenated base electrolyte in the polarographic cell, so that the final concentration is in the range 
3-15 ppm of TETDS. The deoxygenation is completed and the peak height of the TETDS wave 
read off in the usual manner, using the settings: E.,,,, = -040 V versus the SCE, E realt = -@63/ 
-0.65 V. The current may be referred to a calibration graph prepared by adding suitable concentra- 
tions of an ethanolic solution of pure TETDS to aliquots of base electrolyte, provided that an internal 
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standard is used at the time of sample measurement and its value compared with the value obtained 
when the calibration graph was prepared. If the values are not in agreement, the sample current 
must be suitably adjusted before reading the TETDS concentration from the graph. 

Determination of elemental sulphur 

Base electrolyte. Dissolve 1 g of cetrimide (Cetavlon) in SO ml of methanol, add 9.4 ml of analytical 
reagent grade pyridine and 0.6 ml of concentrated hydrochloric acid. 

?ro&dure.-Pipette 5 ml of the base electrolyte inio a polarographic cell and start deoxygenation. 
After about 2 min. introduce a suitable aliouot (002-005 ml) of samnle solution into the base 1 
electrolyte. Continue deoxygenation for a further l-2 min, then read off the peak current at a 
suitable scale factor, using the instrument setting E,,,,, = 
appear on the screen at a potential of -0.15 to -0.20 V. 

-0.3 V versus the SCE. The peak should 
The sulphur concentration may be obtained 

from a calibration graph, provided that an internal standard is used as mentioned in the TETDS 
procedure. 

A suitable calibration graph may be obtained by weighing out 5.00 mg of micronised sulphur, 
dissolving in 80 ml of benzene and adjusting to 100 ml in a graduated flask. Aliquots of this solution 
(0+)05-005 ml) are added with an Agla micrometer syringe (Burroughs Welcome and Co., London, 
England) to 5 ml of base electrolyte and the peak currents recorded as in the sample procedure. The 
peak current of an internal standard should also be recorded on the calibration graph. 

Acknowledgements-1 should like to thank Mrs. S. Martin and I. Carpenter for carrying out the 
experimental work and the Directors of The Distillers Company Limited for permission to publish 
the naner. 

The Distillers Company Ltd. 
Research Department. 
Great Burgh, Epsom 
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A. F. TAYLOR 

Summary-A cathode-ray polarographic method is described for the 
determination of free sulphur and tetra-ethylthiuram disulphide in a 
synthetic rubber extract. The method appears to have a higher 
sensitivity and better reproducibility than is obtained by conventional 
polarographic methods, particularly in the case of the thiuram, 
although the range in which a linear current/concentration relationship 
is obtained is rather limited. 

Zusammenfassung-Bestimmung von Tetraathylthiuramdisulfid und 
elementarem Schwefel in organischen Extrakten mit dem Kathoden- 
strahlpolarographen. Die Arbeit beschreibt eine kathodenstrahlpolar- 
ographische Bestimmungsmethode fur freien Schwefel und Tetra- 
lthylthiuramdisulfid in einem Extrakt aus synthetischem Gummi. Die 
Methode ist offenbar empfindlicher und besser reproduzierbar als 
herkommliche polarographische Methoden, besonders im Falle des 
Disulfids; allerdings ist der Bereich der linearen Abhangigkeit des 
Stromes von der Konzentration ziemlich beschrlnkt. 

Resume-Le memoire dtcrit une methode oscillopolarographique de 
dosage du soufre libre et du disulfure de tttraethylthiurame dans un 
extrait de caoutchouc synthetique. La methode se rtvble etre dune 
plus grande sensibilitt et d’une meilleure reproductibilite que les 
methodes polarographiques usuelles, particulitrement dans le cas du 
thiurame, bien que le domaine dans lequel une relation lineaire 
courant-concentration est observee soit assez limit&. 
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LETTERS TO THE EDITOR 

Correction for the separation of hydrogen isotopes during distillation in 

the determination of tritium 

SIR: 

In the determination oftritium in tritiated water, it is frequently necessary to distil the sample as a 
purification stage, either to separate from large amounts of interfermg ions, or to separate from other 
p-emitters which would jnterfere in the liquid p-scintillation counting finish. As is well-known, the 
concentration of tritium in the distillate will be less than in the residue. For accurate work, it is 
necessary to correct for this factor. This note shows one of the many ways in which this correction 
can be calculated, and gives the results in a form which is of immediate use to the analyst. 

06 0.7 08 09 IO 

Fraction distilled 

FIG. I .-Correction factor for depletion of tritium on distillation. 

The basis of the calculation is the results of Avinur and Nir;’ they state that the ratio of the con- 
centration of tritium, in tritiated, water in the liquid phase to that in the vapour phase at equilibrium 
is I.036 i 0.001 at 760 mm pressure. 

Consider a weight of tritium, T, in a weight of water, W. T is very small in comparison with W. 
Distil a weight of water, OW, containing a weight of tritium, r)T. 

From the information of Avinur and Nir: 

(T/W) f (<\T/r)W) :: I.036 

Or/T = hW/(I.O36W). 
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Integrating, 

Hence 
log T = (log W/1.036) + log C. 

log (To/T) = log (W,/W) t I.036 
Or 

(To/T) = ( w,, W)ik 
Because IV,,, T,,, are the original amounts of water and tritium, and W, r, are the amounts of water 

and tritium remaining, therefore (IV, - W), (T,, - T) are the amounts in the distillate. 
One measures, by counting, (r, - r)/( IV,, - W), and wishes to know (T,/ IV,). 

That is, 

where Fis a factor which varies with 

CT,, - T) 7” 
(W,- W).i f=w,* 

the fraction distilled. This factor F has been calculated, and is given in Fig. I. 
The calculation assumes that the distillation is carried out under perfect equilibrium conditions 

to ensure maximum isotope separation. This, in most cases, is certainly not true, but subsidiary 
calculations have shown that the graph is reasonably valid for non-equilibrium conditions. 

Technical Department C. J. RILEY 
United Kingdom Atomic Energj Authority H. BROOKS 

Windscale Works, Seascale 
Cumberland, England 
2 Janudry 1964. 
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The photosensitivity of the complex of iron’” with l,lO-phenanthroline 

SIR: 

Photochemical reduction of the irontrr complex of r,z-dipyridyl has been known for several 
years.’ The corresponding iron”’ complex with I,lO-phenanthroline might also be expected to be 
photosensitive. We have now confirmed this fact and used it in the study of some problems in 
analytical chemistry. 

Photoreduction of the ironttt-l,lO-phenanthroline complex only becomes appreciable at wave- 
lengths shorter than 590 m/c. A very strong development of the red iron”-l,lO-phenathroline 
colour was observed after irradiation by ultraviolet rays. Practically no photoreduction occurs at 
pH less than 1.4. Above this value the rate increases, becoming constant between pH 4.0 and 6.0. 
At higher pH a decrease in photoreduction is again observed. Photoreduction is not prevented by 
the presence of complexing agents, such as citric, tartaric, oxalic, boric, phosphoric, acetic, imino- 
diacetic and nitriloacetic acids and EDTA. In fact, many of these reagents accelerate the reaction. 
DCyTA has a strong retarding action and fluoride completely prevents photoreduction. 

Traces of iron have been determined in sodium citrate and sodium tartrate by a method based on 
the above findings. Chemical reduction with hydroxylamine or hydroquinone, as recommended for 
determination of total iron content using l,lO-phenanthroline,? is slow and often incomplete. It can 
be accelerated photochemically or complete reduction can be achieved photochemically (; IO min, 
200 W mercury lamp) in the absence of chemical reductants. 

In the determination of iron” m haematite with I,lO-phenanthroline, photoreduction of any 
iron”’ must be prevented. Elimination of interference from ironrtt by addition of fluoride3 is 
only possible over a very narrow range of pH, which is, moreover, very close to the lower limit of 
applicability of l,lO-phenathroline. Further, the slight colour from the ironltL increases the blank 
value. Reliable results have now been obtained by dissolving the haematite under non-oxidising 
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Integrating, 

Hence 
log T = (log W/1.036) + log C. 

log (To/T) = log (W,/W) t I.036 
Or 

(To/T) = ( w,, W)ik 
Because IV,,, T,,, are the original amounts of water and tritium, and W, r, are the amounts of water 

and tritium remaining, therefore (IV, - W), (T,, - T) are the amounts in the distillate. 
One measures, by counting, (r, - r)/( IV,, - W), and wishes to know (T,/ IV,). 

That is, 

where Fis a factor which varies with 

CT,, - T) 7” 
(W,- W).i f=w,* 

the fraction distilled. This factor F has been calculated, and is given in Fig. I. 
The calculation assumes that the distillation is carried out under perfect equilibrium conditions 

to ensure maximum isotope separation. This, in most cases, is certainly not true, but subsidiary 
calculations have shown that the graph is reasonably valid for non-equilibrium conditions. 

Technical Department C. J. RILEY 
United Kingdom Atomic Energj Authority H. BROOKS 

Windscale Works, Seascale 
Cumberland, England 
2 Janudry 1964. 
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The photosensitivity of the complex of iron’” with l,lO-phenanthroline 

SIR: 

Photochemical reduction of the irontrr complex of r,z-dipyridyl has been known for several 
years.’ The corresponding iron’*’ complex with I,lO-phenanthroline might also be expected to be 
photosensitive. We have now confirmed this fact and used it in the study of some problems in 
analytical chemistry. 

Photoreduction of the ironttt-l,lO-phenanthroline complex only becomes appreciable at wave- 
lengths shorter than 590 m/c. A very strong development of the red iron”-l,lO-phenathroline 
colour was observed after irradiation by ultraviolet rays. Practically no photoreduction occurs at 
pH less than 1.4. Above this value the rate increases, becoming constant between pH 4.0 and 6.0. 
At higher pH a decrease in photoreduction is again observed. Photoreduction is not prevented by 
the presence of complexing agents, such as citric, tartaric, oxalic, boric, phosphoric, acetic, imino- 
diacetic and nitriloacetic acids and EDTA. In fact, many of these reagents accelerate the reaction. 
DCyTA has a strong retarding action and fluoride completely prevents photoreduction. 

Traces of iron have been determined in sodium citrate and sodium tartrate by a method based on 
the above findings. Chemical reduction with hydroxylamine or hydroquinone, as recommended for 
determination of total iron content using l,lO-phenanthroline,? is slow and often incomplete. It can 
be accelerated photochemically or complete reduction can be achieved photochemically (; IO min, 
200 W mercury lamp) in the absence of chemical reductants. 

In the determination of iron” m haematite with I,lO-phenanthroline, photoreduction of any 
iron”’ must be prevented. Elimination of interference from ironrtt by addition of fluoride3 is 
only possible over a very narrow range of pH, which is, moreover, very close to the lower limit of 
applicability of l,lO-phenathroline. Further, the slight colour from the ironltL increases the blank 
value. Reliable results have now been obtained by dissolving the haematite under non-oxidising 
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conditions, then carrying out all subsequent operations under illumination from a weak red electric 
light. The iron” is extracted from aqueous solution with chloroform as the ion association complex 
between perchlorate and ferroIn, which is evaluated photometrically.’ 

J. NOVAK 

H. AREND 

Institute of Physics 
Academy of Sciences 
Prague, Czechoslovakia 
17 January 1964. 
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DETERMINATION OF THE METHYLOL GROUP IN 
PHENOLIC RESINS 

NAOKI YOSHIMI, MASAYOSHI YAMAO and SHIGEYUKI TANAKA 
Fudow Chemical Company, Nishi-Rokugo 

Ota-ku, Tokyo, Japan 

(Received 4 October 1962. Accepted 15 February 1964) 

Summa~-An accurate and simple method for determination of the 
methyl01 group in phenolic resins is described. The phenolic hydroxyl 
group is determined by titration with sodium methoxide in non- 
aqueous solvent, and total hydroxyl group (phenolic hydroxyl plus 
alcoholic hydroxyl) is found by calculation of the integrated absorption 
intensity from the infrared spectrum observed between 3600 and 3000 
cm-l. The alcoholic hydroxyl group (methyl01 group) is calculated 
as the difference between the total and the phenolic hydroxyl group. 
In contrast to customary techniques, this method is simple, direct 
and provides a satisfactory precision (+ 8%). 

INTRODUCTION 

SEVERAL techniques have recently been described for determination of the methyl01 
group in phenolic resins, but they have not been found generally satisfactory. 

Stenmark and Weiss1 reported an accurate and simple method for determination 
of the methyl01 group in resins. Methyl01 groups and phenol condense in the presence 

of acid catalyst to form water which is titrated directly with Karl Fischer reagent. 
This method provided an accurate value with small samples and thus facilitated 
experiments on laboratory scale preparations. However, the reaction is slow, requiring 

as long as 3 hr for completion. 
Motoyoshi2 reported the determination of methyl01 groups in resins by the 

following method. The resin, dried in vacuum at 50”, is extracted by methanol, the 
phenolic hydroxyl group in the extracted resin methylated by methyl iodide-potassium 
hydroxide solution, and the alcoholic hydroxyl group determined by phthalic 
anhydride. The precision of this method was not quoted. 

Somiya et cd3 measured the infrared spectra of methyl01 derivatives of phenol, 
o-, m- and p-cresol, 2,4_dimethylphenol and 2,4-dibromophenol, and determined 
the intensity of the methyl01 group absorption at 10 ,B by the potassium bromide disc 
process. They proved that methyl01 groups in novolaks can be determined with 
satisfactory precision by their method. However, methyl01 groups of phenolic 
alcohols absorb between 9.5 and 10.5 ,u and these absorptions are not always constant 
in position. For this reason, methyl01 groups of resoles are difficult to determine 
with sufficient precision. 

In this paper, a comparatively accurate, rapid and simple method for the deter- 
mination of methyl01 groups in phenol-formaldehyde resins is proposed. Phenolic 
hydroxyl groups are titrated directly with sodium methoxide, and total hydroxyl 
group (phenolic hydroxyl group plus alcoholic hydroxyl group) is determined from 
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infrared absorption spectrum between 3600 and 3000 cm-l. The methyl01 group is 
calcutated as the difference between the total and phenolic hydroxyl groups. 

EXPERIMENTAL 

Determination of Phenolic Hydroxyl Group 

In 1948, Moss, Elliott and Hall* pointed out that phenols behave as moderately strong acids in 
anhydrous ethylenediamine. They were unable to find a satisfactory visual indicator, but carried 
out potentiometric titrations successfully using sodium aminoethoxide in ethylenediamine-eth~ol- 
amine as the titrant. 

Fritz and Lisickis titrated phenols potentiometrically in butylamine with sodium metboxide, 
but found no successful visual indicator. Later, Fritz and Keen* reported that phenol and alkyl- 
substituted phenols were somewhat weaker acids but could be titrated in ethylenediamine using 
o-nitroaniline as the indicator. 

In the present work, essentially the same procedure as that of Fritz and Keen was used. 

Reagents 

Benzene. Extra pure (Kant0 Chemical Co., Japan) 
Methanol. Extra pure (Kant0 Chemical Co., Japan) 
Ethylenediamine (anhydrous). Guaranteed reagent (Kant0 Chemical Co., Japan) 
Phenol samples. Commercial samples (98-100% purity) 
Benzyf alcohol. Guaranteed reagent (Daiichi Pure Chemicals Co., Japan) 
o-Hydroxybenzyl alcohol (suZ&enine). Guaranteed reagent (Tokyo Kasei Kogyo Co., Japan) 
p-Hydroxybe~yl alcohol. Prepared by hydrogenation of p-hydroxy~n~ldehyde (Tokyo Kasei 

Kogyo Co., Japan) and r~~stallised from water, m.p. 123” 
p-Cresol diaicohol. Prepared by Auwer’s Method,s m.p. 1285” 
o-Cresol dialcohol. Prepared by Hanus’s Method,lO m.p. 925” 
o-Nitroaniline. Guaranteed reagent, @15 g dissolved in 100 ml of benzene. 
Benzoic acid. Guaranteed reagent (Kant0 Chemical Co., Japan) 
Sodium methoxide (O.l-O*Z M). About 0.6 g of freshly cut sodium metal is added to 10 ml of 

methanol in a loosely covered flask. When the reaction is complete, 15 ml of methanol and 150 ml 
of benzene are added with stirring until the solution becomes homogeneous and cfear. This is 
stored in a glass bottle protected from moisture and carbon dioxide. The titrant solution is standard- 
ised against benzoic acid. 

Apparatus 

The titration assembly consists of a lo-ml burette, a 50 to 100-ml titration vessel (covered to 
prevent absorption of carbon dioxide from the air), and a magnetic stirrer (equipped with a small 
stirring bar sealed in glass). 

Procedure 

About 25 ml of ethylenediamine, with 3-4 drops of o-nitroaniline as the indicator, is titrated 
with sodium methoxide to a red colour. The neutralised solvent is combined with the sample solution 
and titrated with sodium methoxide, the end-point being the change from clear yellow to orange-red. 
The weight of sample taken is so selected that l-5 ml of the methoxide will be consumed. 

Deierminat~on o~PhenoI~c and Alcohohc Hydroxyl Group 

From infrared studies on the association of phenol with several ketones Widom et al.’ reported 
that the phenol-acetone complex has a great association effect. In general,s the intensity is greatly 
increased in solvents in which the association effect occurs. 

In the present work, acetone was used as a solvent that not only dissolves phenols and resins but 
also increases the association effect, and the total hydroxyl group (phenolic hydroxyl plus alcoholic 
hydroxyl) was determined quantitatively by infrared absorption spectra between 3600 and 
3000 cm.-‘. 

Reagents 

Acetone. Extra pure (Kant0 Chemical Co., Japan) distilled in an all-glass apparatus from 
phosphorus pentoxide immediately before use. 

Phenols andphenolic alcohols. As above. 
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The absorption was measured using a Nihon Bunko Model 301 infrared spectrophotometer. 
Two @lOO-mm cells having sodium chloride plates were used. 

Procedure 

In actual measurements, a solution in which 5-30 mg of sample is dissolved in 1 ml of acetone is 
placed in the sample beam and acetone in the reference beam of the instrument. Examples of the 
spectra obtained are given for the phenol-acetone solution in Fig. 1. 

-v- 
(A) (B) 

; 
3600 3000 

v If 
:c1 

I 
3600 xxx) 

Wavenumber, cm-’ 

FIG. 1 .-Infrared spectra of samples: 
(A) benzyl alcohol, 
(B) phenol, 
(C) p-methyl01 phenol. 

Because the phenolic and alcoholic hydroxyl absorptions occur at somewhat different wave- 
lengths, integrated absorption intensities were calculated by dividing the range 3000 to 3600 cm-’ 
into fifteen equal parts using the following equation 

A = l/c, I 
( 

2 log (To/T) Av 
n=r ) 

where c is the concentration (mole/l.), I is the cell length (cm) and Av is the width of each part 
(40 cm-l). 

Determination of Methyl01 Group 

The methyl01 content (mole/g) of the samples was calculated from the expression 

A’-BxD 
C 

where A’ = the integrated absorption intensity of total hydroxyl group/g (I/g. cme), 
B = the mean integrated absorption intensity of phenolic hydroxyl group/molecule (l/mole. 

cm*), 
C = the mean integrated absorption intensity of alcoholic hydroxyl group/molecule (l/mole. 

cm”), 
D = phenolic hydroxyl group (mole/g). 

RESULTS AND DISCUSSION 

Data for determination of phenolic hydroxyl groups are given in Table I. 
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TABLE I.-TITRATION OF PHENOLS IN ETHYLENEDIAMINE 
(Indicator: o-nitroaniline) 

Taken, MeONa, MeONa, 
mR ml M 

Phenol 
o-Hydroxybenzyl alcohol 
p-Hydroxybenzyl alcohol 
p-Cresol dialcohol 
o-Cresol dialcohol 
2,6-Xylenol 

Phenol + benzyl alcohol 
Phenol + water 

53.98 
20.36 
28.18 
23.33 
22.91 
4019 
36.161 
37.941 
54.73 
14.25 

4.79 01206 
1.23 0.1331 
1.81 0.1231 
1.23 0.1124 
1.22 0.1124 
2.91 0.1124 

3.12 0.1212 

4.78 0.1218 

100.5 
100.0 
97.5 

100.0 
98.5 
99.5 

98.5 

100.0 

This method gave satisfactory results for the titration of this type of phenolic hydroxyl group. 
The precision was within & 1% and the bias was not significant. However, this method possessed the 
defect that high molecular weight substances precipitated in the course of titration, obscuring the 
end-point. The presence of a small amount of water in the sample did not interfere. 

The integrated absorption intensities of phenols and phenolic alcohols are given in Table II. 
The intensity of aromatic CH was neglected because it was less than 1% of the intensity of phenolic 
hydroxyl group in the samples. 

TABLE II.-INTEGRATED ABSORPTION INTENSITY OF PHENOLIC 
AND ALCOHOLlC HYDROXYL GROUPS 

Integrated absorption 

Compound 
intensity, 

X lo4 litre. mole-l. cmmZ 

Phenol 3.35 
o-Cresol 3.37 
p-Cresol 3.34 
2,4-Xylenol 3.35 
2,6-Xylenol 2.37 
Benzyl alcohol 1.35 
o-Hydroxybenzyl alcohol 4.69 
p-Hydroxybenzyl alcohol 4.62 
o-Cresol dialcohol 5.66 
p-Cresol dialcohol 6.10 

The data were arranged by least squares, supposing that the following equation was applicable 
to them 

Atotal = mB + nC 

where Atotal is the integrated absorption intensity of total hydroxyl/mole, B and C are as before, 
m is the number of phenolic hydroxyl groups/molecule, and n is the number of alcoholic hydroxyl 
groups/molecule. 

Theresultswereasfollows: B = 3.35 x 104, C = 1.29 x 104, standarddeviationo = 0.11 x 104. 
Because the hydroxyl absorption of water and alcohol occurs in the same region, the presence 

of small amounts of water and alcohol in the sample interferes. While the presence of lower poly- 
oxymethylene glycols (formaldehyde polymers) is to be avoided, small amounts do not interfere. 

Data of determination of methyl01 groups in phenolic alcohols are shown in Table III. 
The precision of the method is about 8 %, with a daily error of determination of about 4%. This 

is considered to be satisfactory. 

Analysis of Phenol-Formaldehyde Resins 

The method was applied to three phenolic resins of the resol type with the results shown in 
Table IV. These resins were prepared with varied concentrations of formaldehyde under alkaline 
conditions and were freeze-dried two or three times from benzene-methanol to eliminate water. 
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TABLE III.-DETERMINATION OF METHYLOL GROUPS IN PHENOLIC ALCOHOL 

Compound 
A’, 

1 /g. cm* 
D, 

X 1O-s mole/g 

Alcoholic OH, 
X 1O-5 mole/g 

Found Theoretical 

o-Hydroxybenzyl alcohol 378 8.01 8.5 8.1 
p-Hydroxybenzyl alcohol 372 7.87 8.4 8.1 
o-Cresol dialcohol 362 5.95 10.7 11.9 
p-Cresol dialcohol 337 5.85 12.9 11.9 

TABLE IV.-DETERMINATION OF METHYLOL GROUPS IN PHENOLIC RESINS 

Resin 
A’, 

1 /g. cma 
D, 

X 1O-s mole/g 

Alcoholic OH, 
X lo+ mole/g 

1 351 7.13 8.7 
2 321 5.98 9.4 
3 385 5,44 15.7 

The methyl01 content was determined under the conditions outlined above; satisfactory results 
were obtained. 

Acknowledgement-The authors thank Professor H. Kamada of Tokyo University for advice and 
Vice-President T. Kikuchi of Fudow Chemical Company for permission to publish this paper. 

Zusammenfassung-Eine genaue und einfache Methode zur Bestim- 
mung der Methylolgruppe in Phenolharzen wird beschrieben. Die 
phenolische Hydroxylgruppe wird durch Titration mit Natriummethylat 
in einem nichtw%rigen Losungsmittel bestimmt, die Gesamtmenge 
an OH-Gruppen (phenolische und alkoholische) findet man aus der 
integrierten Absorptionsintensitat im Infrarotspektrum zwischen 
3600 und 3000 cm-‘. Der Gehalt an alkoholischen (Methylol-) 
Hydroxylgruppen wird als Differenz zwischen Gesamt- und phenoli- 
schen Hydroxylgruppen berechnet. Im Gegensatz zu herkiimmlichen 
Vorschriften ist die Methode einfach und direkt und liefert zufriedens 
tellende Genauigkeit (18 %). 

R&sum&-On decrit une methode precise et simple de sodage du 
groupe methylol dans les &sines phenoliques. Le groupe hydroxyle 
phenolique est dose volume-triquement au moyen de methylate de 
sodium en solvant non aqueux, et l’hydroxyle total (hydroxyle phenoli- 
que plus hydroxyle alcoolique) est trouve par calcul de l’intensite 
d’absorption integree a partir du spectre infra-rouge observe entre 
3600 et 3000 cm-‘. Le groupe hydroxyle alcoolique (groupe methylol) 
est calcule en tant que difference entre l’hydroxyle total et l’hydroxyle 
phdnolique. Par opposition a la technique usuelle, cette methode est 
simple, direct, et foumit une precision satisfaisante (* 8 76). 
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Summary-A two-dimensional paper chromatographic method for the 
separation and identification of several metal ions is described. After 
preparation, the sample is run with an ethanol: hydrochloric acid: water 
(75 : 20 : 5) mixture, and later in a second dimension with a tetra- 
hydrofuran: nitric acid: water (85 : 5 : 10) mixture. The chromatogram 
can be develoued with a 0*2”/, ethanolic solution of Morin. and is 
examined both’in sunlight and’& ultraviolet light, in acidic cohditions 
and after alkalisation with ammonia vapour. Those metal ions which 
migrate together in the first solvent will be separated in the second one, 
and can be identified reliably. The composition of the original sample 
can be deduced from the R, values, colours and fluorescences of the 
various spots. 

IN a previous paper a general method for orientative qualitative analysis has been 
described.1 This was not suitable for the simultaneous detection of the following 
combinations: Zr-Th, SC-AI, Co-V-Ti, Cu-U, Bi-Pd, Zn, and Sn. A further develop- 
ment of the method, by which any of these ions in admixture can be detected reliably, 
is based on the use of a solvent in a second dimension, with an appreciably lower 
dielectric constant than the first. Tetrahydrofuran (THF) was found to be suitable. 
THF has already been used chromatographically by Specker and Hartkamp.2 

Pure THF is generally unsuitable as a chromatographic solvent, because the 
cations, used in the form of chlorides, sulphates or nitrates, remain at the starting 
point of the chromatogram. If, however, inorganic acids and water are added to the 
solvent, migration of the ions takes place. To find the optimal composition of the 
solvent mixture, thorium and zirconium, which generally show a marked difference in 
behaviour in this type of chromatography, were examined. If the amount of electrolyte 
in the solvent is increased, thorium migrates with the front, and even zirconium 
moves from the origin. Both ions, however, form extended spots. If the composition 
of the solvent is within the limits by volume of 80-85 % of THF, 5-10x of nitric acid 
and lo-15 % of water, thorium migrates exactly along with the front. In those cases 
where the solvent forms two fronts in the chromatographic process, thorium is found 
in the second front. Zirconium migrates only slightly, and although its spot may ex- 
tend up to an R, value of 0.5, it can be reliably distinguished from thorium. In addi- 
tion, other metal ions, which cannot be separated with an ethanol-hydrochloric acid 
solvent, are separated with this solvent to such an extent that individual qualitative 
test can be carried out without difficulty. 

Specker and Hartkamp2 investigated the dependence of R, values of cations on 
the composition of solvent mixtures. Burstall and co-workers3 separated thorium 
from rare earths with 2-methyltetrahydrofuran (tetrahydrosylvan), containing 10% 
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THF~HNO~:H,O=85~5 IO 

I 

Zr Th SC Al Co V Ti U Cu 81 Pd Sn Zn 
i 

FIG. 1 

by volume of nitric acid and 5 % of water. For the present purpose a mixture of THF : 
nitric acid:water (85: 5: IO) is the most suitable one. Using this solvent in a second 
dimension, after a run with a hydrochloric acid-ethanol solvent, and drying, all those 
ions which were not separated by the first solvent will form clearly discernable spots 

in the chromatogram. 

TABLE I.-Rr VALUES IN THE SOLVENT THF:HNO,:H,O (85:5: 10) 

Element RI value 

Zr 

Th 
Al 
SC 
co 
V 
Ti 
U 
cu 
Bi 
Pd 
Zn 
Sn 

Yellow strip extending from the origin to approximately 
Rf 0.5 : green fluorescence at the origin. 

In Front 2 (Rf value in relation to Front is 1:0:9) 
0.14 
0.65 
0.14 
0.65 
0.23 
In Front 2 (Rf related to Front is 1:0:9) 
0.25 
0.88 
0.72 
0.20 
0.94 

If, after drying, the chromatogram is sprayed with a 0.2% ethanolic solution of 
Morin, the spots will appear as indicated in Fig. 1. The R, values in the solvent 
mixture of the pairs and the triplet are presented in Table I. 

In Table I the Ri values are related to the first Front. The distance of the two 
Fronts, if the first Front has migrated approximately 20 cm from the origin, is about 
20 mm; the Ri value of the second Front therefore is about O-90. 
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EXPERIMENTAL 

909 

Regents 

Tetr~hydr~fur~t (THF): Pwiss 

Ethartof : 96 % 
Hydtwchkwic acid: S.g. = 1.19 
Nitric acid: S.g. = 1.42 
Morin (3,5,1,2’,4’-pentahydroxyflaoone): 0.2 % in ethanol 
Solvent Z (ethanol:HCI:HaO = X:20:5): Mix 5 ml ofwaterwith 20ml of concentrated hydro- 

chloric acid, and pour this solution iuto 75 m1 of etbanoi. 

Soia& ZZ {TEiF: HNOa : Ha0 = 85 : 5 : IO>: Mix 5 ml of concentrated nitric acid with IO ml of 
water and pour this with constant stirring into 85 ml of THF. 

Paper: Schteicher and Schuil No. 2043/A, size 58 x 60 cm. 

Procedure 

Prepare the solution to be anaIysed, using the procedure described elsewhere,” by boiling with 
H&B, and HCI. Piace a drop of the solution on a 29 x 30 cm (quarter) sheet of Schleicher-Schiill 
No. 20$3fA paper. The origin must be chosen as foliows (see Fig. 2). First draw two base-lines at 
rig& angies to each other, 30 mm from the original {machine-cut) edges of the paper. These finea 

I r 30 

I 

i 
30 

? 

----I 

I I 

I 

I 

i 

~ 

I 

II c. , 

__ .-- _ _ _. ^_ i _____ 

--I~ __. ________~ 

C-IO 
290 mm 

f r--- ---- 

Fro. 2 

f Solvent 2 

, 
I 

11. 

40 

T 

act as the boundaries of the two test-strips which will later be cut from the chromatogram. Now 
ascertain the direction of the fibres of the paper; they appear in normal cases to be parallel to the 
longer side. Draw two starting lines at distances of 10 and 30 mm from the base-lines, one parallel 
and one perpendicular to the fibres. 
on Fig. 2). 

The origin is the point of intersection of these last lines (Point 1 
Place a further drop of the sample at Point 2 (I 5 mm from the edge of the paper), Dip 

the paper* at right angles to the fibres, in Solvent I, and let the solvent run overnight, using ascending 
technique. During this time the front travels about 20 cm from the start. Dry the chromato~ 
under an infrared iamp, and remove. traces of hydrochloric acid as completeIy as possible by an air 
stream. Cut off the 304nrn test strip (which is parallel to the shorter edge of the paper), and store 
for further experiments (Test strip of Solvent 1). 

Place a further drop of the original solution on Point 3 (see Fig. 3), 40 mm from the freshly-cut 
edge and 15 mm from the original edge of the paper. (Test strip of Solvent II). Dip the freshly-cut 
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edge of the paper in Solvent II and let the solvent run for 4-5 hr, during which time the front migrates 
about 2Ocm from the start. (This distance can be marked on the paper previously.) Dry the 
paper, remove the traces of nitric acid by an air stream, and spray the paper with a 0.2% ethanolic 
Morin solution. 

Examine the paper in sunlight, and in transparent and reflected ultraviolet light. Mark the 
coloured spots and the green or yellow fluorescent ones on one side of the paper. Hold the paper 
over ammonia vapour and examine once more. Mark any spots on the other side of the paper. 
This examination shows whether spots corresponding to ions which are not separated by Solvent 
I contain one or more components. Rr values for Solvent II are presented in Table I, and a typical 
chromatogram is shown in Fig. 1. The notations are those used in an earlier paper.l 

It is very important to remove hydrochloric acid as completely as possible from the 
paper after the first run by thorough drying and ventilation. Otherwise the formation 
of the thorium-nitrate complex (which is soluble in THF) will not be achieved. If it 
is not, thorium shows an Rr value of about 0.5-0.6. If the chromatographic separation 
is interrupted after the run with Solvent I, and the dry paper is placed over ammonia 
vapour, thorium will then have an Rr value higher than O-5 in Solvent II, but it does 
not reach the second front. It can still, however, be reliably identified in the presence 
of zirconium. If only THF is used, thorium migrates along with the second Front. 
The R, values for the other metal ions are not affected by previous treatment with the 
hydrochloric acid solvent, and therefore the same results will be obtained if only 
Solvent II is used for the chromatographic separation. Uranium, as opposed to 
thorium, will be found in either case in the second Front. 

There are difficulties in identifying those ions which have high Rr values in both 
solvent systems (0.9 to 1.0); these will be concentrated on the diagonally opposite 
corner of the chromatogram from the origin. The difficulties occur because impurities 
dissolved from the paper (particularly iron) are concentrated on this part of the chro- 
matogram, and the resulting dark spot will hide the spots being sought, both in sun- 
light and in ultraviolet radiation. However, most of these ions, e.g., antimony, tin 
and gallium, can be identified easily in Solvent I, and of the unresolved zinc-tin pair, 
zinc migrates more slowly in Solvent II than does tin. 

Sensitivities for the qualitative tests on the single ions are about the same as 
described previously, -1 if the ions are in mixtures, the sensitivities are generally lower 
by l-2 magnitudes. Morin is not a very sensitive reagent for most of the metal ions. 
The sensitivities can be increased as follows: examine the chromatogram after the 
run with Solvent I, and then from the information gained in this way, apply 
specific reagents, after the run with Solvent II, on the spots in which any given ion is 
suspected. 

Acknowledgement-The authors wish to express their thanks to Prof. B. Lengyel, Head of the Re- 
search Group, for having kindly permitted this work to be carried out in his Institute. 

Zusanunenfassung-Eine zweidimensionale papierchromatographische 
Methode zur Trennung und Identifikation mehrerer Metallionen wird 
vorgeschlagen. Nach geeigneter Vorbereitung ltisst man die Probe mit 
einem Athanol-Salzsaure-Wasser-Gemisch 75:20:5 laufen, anschlies- 
send in der zweiten Dimension mit Tetrahydrofuran-Salpetersaure- 
Wasser 85:5 : 10. Das Chromatogramm kann mit einer @2% igen 
alkoholischen Morinlosung entwickelt werden und wird im Tageslicht 
und unter einer Ultraviolettlampe betrachtet, sowohl im sauren 
Zustand als such nach Behandlung mit Ammoniakgas. Die Metall- 
ionen, die im ersten Laufmittel zusammen wandem, werden im zweiten 
getrennt und konnen zuverllssig identieiert werden. Die Zusammen- 
setzung der Probe kann aus Rf-Wert, Farbe und Fluoreszenz der 
einzelnen Flecke ermittelt werden. 
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RBsum&Gn presente une methode de chromatographie sur papier ii 
deux dimensions pour &parer et identifier plusieurs ions metalliques. 
Aprb une preparation convenable, l’echantillon est entrain& par un 
melange ethanol-acide chlorhydrique--eau (75 : 20 : 5) puis, dans la 
seconde dimension, par un melange t&ahydrofuran-acide nitrique- 
eau (85 : 5 : 10). Le chromatogramme peut &tre revele par une solution 
alcoolique a @2% de morin, et doit Btre examine a la lumiere solaire et 
en lumibe ultra-violette, tant a Mat acide qu’aprb alcalinisation aux 
vapeurs d’ammoniac. Les ions metalliques qui migrent ensemble dam 
le premier solvant seront &pares dans le second, et peuvent dtre 
identifies de facon certaine. One peut estimer la composition de 
l’&chantillon original a partir des valeurs des Rr, des couleurs et de la 
fluorescence des diverses taches. 
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Summary-Twenty-six ammonium salts have been investigated 
derivatographically. The weight change, rate of weight change and 
enthalpy change of the salts have been measured as a function of 
temperature. From the results the temperatures at which the salts 
may be dried without decomposition are given. 

DUVAL and his coworkers1 studied nearly one thousand analytical precipitates by 
the method of thermal gravimetry. The intention was to establish the temperature 
at which the analytical precipitate is of stoichiometric composition and the temper- 
ature interval over which the precipitate is suitable for weighing. Berg2 and Smothers 
and Chiang3 introduced the method of differential thermal analysis in their books 
and treated in detail its most important fields of application. Few workers have used 
the two methods in conjunction with each other. Erdey, Paulik and Paulik combined 
the methods of thermal gravimetry (TG) and differential thermal analysis (DTA) 
with the method of derivative thermal gravimetry (DTG) elaborated by themselves.4 
TG, DTA and DTG curves were recorded automatically on an apparatus designated 
a derivatograph .5~6 The derivatograph can measure simultaneously, for a single 
sample, change of weight (TG), rate of change of weight (DTA) and enthalpy change 
(DTG), as a function of temperature, at a heating rate of 1-20”/min. 

Twenty-six ammonium salts have now been investigated derivatographically 
(Table I). We have attempted to explain the results in terms of the Lewis electron 
theory previously applied to acid-base reactions.‘** The various decomposition 
processes can be interpreted satisfactorily on the basis of the derivatograms. Where 
intermediate plateaux occur on the TG curves, they correspond to the formation of 
definite compounds, the formulae of which have been marked on the appropriate 
figures. Experimental weight losses agree well in most cases with the theoretical 
losses expected for the formation of such compounds. In those cases where agree- 
ment was not so good, the deviation could be attributed to two processes occurring 
at about the same temperature. Not all of the decomposition products were examined. 

EXPERIMENTAL 

The studies were carried out using a Paulik-Paulik-Erdey type 676 derivatograph manufactured 
by Orion-Gyem, Budapest, Hungary. The sample (100-200 mg) was weighed in the platinum crucible 
of the instrument. Gaseous decomposition products were pumped off from the air space of the 
furnace. A heating rate of S”/min was employed. Samples were pulverised in a porcelain mortar 
and passed through a sieve of the same mesh-size in every case before being weighed. 

The reagents used in the experiments were made available to us by E. Merck (Darmstadt, Ger- 
many), for which we would like to express our thanks. 
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RESULTS AND DISCUSSION 
Ammonium fluoride 

It can be seen from the derivatogram (Fig. 1) that the mechanically bound water 
content of the sample is lost at about 50”. The peak on the DTA and DTG curves 
at 145” indicates a maximal rate of removal of ammonia according to 

2NH4F -+ NH,F.HF + NH3. 
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FIG. l.-Ammonium fluoride. 

The ammonium hydrogen fluoride formed begins to decompose to a small degree at 
this temperature. This decomposition proceeds at a maximal rate at 225”, ammonia 
and hydrogen fluoride being obtained. 

Ammonium hydrogen Juoride 

The sample melts at 125” (DTA curve in Fig. 2). The rate of decomposition- 
beginning at 80”--increases and the rate of weight decrease is maximal at 235”. 
Ammonium hydrogen fluoride is more stable than the neutral salt. 
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FIG. 2.-Ammonium hydrogen fluoride. 

Ammonium chloride 

Ammonium chloride shows little change in weight up to 200” (Fig. 3). The endo- 
thermic DTA peak at 185” indicates a change of crystal structure of ammonium 
chloride. Above 200” the substance sublimes, the sublimation rate being maximal at 
345”. After sublimation it dissociates completely in the gaseous phase into ammonia 
and hydrochloric acid 

NH&I + NH, + HCl. 

On cooling, the reaction is reversed and ammonium chloride condenses from the 

gaseous phase. 
Hydrochloric acid formed during the decomposition is very active and reacts 

with various metal oxides or carbonates at a temperature above 300” to form chlorides, 
water and carbon dioxide. Thus, aluminium oxide can be fused in this way. 
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FIG. 3.-Ammonium chloride. 

Ammonium bromide 

Ammonium bromide shows a change in crystal structure at 150” (DTA curve in 
Fig. 4). Decomposition only begins to any marked extent above 250”. The salt does 
not melt at atmospheric pressure, but sublimes and decomposes completely in the 
gaseous phase to form ammonia and hydrogen bromide 

NH,Br .+ NH, + HBr 

On cooling, ammonium bromide condenses, i.e., the reaction is reversible. Sub- 
limation proceeds at the highest rate at 410”. 

Ammonium iodide 

Sublimation of ammonium iodide proceeds over nearly the same temperature 
interval as that of ammonium bromide (Fig. 5). Also, the ammonium iodide sublimes 
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and decomposes in the gaseous phase to ammonia and hydrogen iodide 

NH,1 + NH, + HI. 

On cooling, ammonium iodide condenses. 
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FIG. 4.-Ammonium bromide. 

Ammonium perchlorate 

)O 

An endothermic process can be observed on the DTA curve at 250” (Fig. 6), which 
accompanies a change in crystal structure of the ammonium perchlorate. Thereafter 
a decrease of weight begins. This decrease of weight is caused by decomposition and 
sublimation of the salt. Decomposition begins at a much lower temperature if there 
are small amounts of metal oxide or organic substance contamination. The sample 
studied is of analytical-grade material and is, therefore, very stable. The decomposition 
beginning above 250” is an exothermic process, as shown by the DTA peak at 400”. 
As the temperature of the sample reaches 400” decomposition proceeds explosively. 
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FIG. S.-Ammonium iodide. 

In the gaseous phase quite different reaction products are present depending on the 
temperature of decomposition. Below 300”, the reaction products are gaseous 
nitrogen, oxygen, chlorine and water vapour. Above 300”, various nitrogen oxides 
are also present besides gaseous nitrogen 

2NH,ClO, -+ 2N0 + 0, + Cl, + 4HsO. 

At the temperature of the reaction the nitrogen monoxide reacts with oxygen and 
chlorine to form nitrogen dioxide (NO,), dinitrogen trioxide (NsO,) and nitrosyl 
chloride (NOCl). The temperature of decomposition and composition of decomposi- 
tion products varies according to the nature and amount of contaminants. 

Ammonium sulphate 

The ammonium sulphate sample contains neither mechanically bound nor water 
of crystallisation. The substance begins to decompose above 250” (Fig. 7). In the 
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first step of the decomposition the molecule loses ammonia and ammonium hydro- 
gen sulphate is formed 

(NH&SO6 = NH,HSO, + NH,. 

This reaction seems to be quantitative according to the derivatogram. The reaction 
is indicated by the endothermic DTA peak at 330”. Ammonium sulphate itself does 
not melt, although the ammonium hydrogen sulphate formed during the decomposi- 
tion does. The ammonium hydrogen sulphate decomposes at 410” at a maximal rate 
and the process is completed at 450” 

NH,HSO, 3 NH, + H,SO,. 

Sulphuric acid formed during the decomposition is very active and fuses various 
metal oxides. 
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FIG. 7.-Ammonium sulphate. 
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Ammonium thiosulphate 

The thermal decomposition of ammonium thiosulphate is complicated (Fig. 8). 
Up to 100” neither weight nor enthalpy change can be observed. The endothermic 
DTA peak at 140” indicates a change of crystal structure. Above 100” decomposition 
begins, ammonium sulphite and sulphur being formed 

(NH&&O, 5 (NH&SO, + S. 

Part of the ammonium sulphite immediately decomposes, the maximal rate being at 
230-245” 

(NH&SO, + 2NH, + SO, + H,O. 

The rest of the ammonium sulphite is oxidised to ammonium sulphate. The net 
effect of the enthalpy changes of the two processes is endothermic. Above 275” the 
sulphur burns exothermically and ammonium hydrogen sulphate is formed from the 

3 
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ammonium sulphate. Above 360” the ammonium hydrogen sulphate decomposes, 
the rate being maximal at 400”. 
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Fm. 8.-Ammonium thiosulphate. 

Pure ammonium persulphate decomposes explosively at 180” according to the 
derivatographic curves (Fig. 9), ammonium pyrosulphate being formed and oxygen 
Iiberated 

2(NW,Wa - 2(NH,),W, + 0,. 

As shown by the TG curve, the exothermic reaction proceeds quantitatively. If water 
vapour is present in the furnace air space or the sample contains any organic matter, 
this reaction proceeds at a lower temperature. Ammonium pyrosulphate begins to 
decompose above 250°, sulphur trioxide being lost and ammonium sulphate remaining 

(NH&W, -+ (NJ&MO, + SO,. 
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FIG. 9.-Ammonium persulphate. 

This process is, however, very slow and not quantitative, because at the same time the 
ammonium sulphate formed decomposes to ammonium hydrogen sulphate, which in 
turn decomposes to ammonia and sulphuric acid 

(NH&SO, -+ NH, + NH,HSO, 

NH,HSOI ---f NH, + H,SO,. 

The above three decomposition processes proceed between 300 and 400” and are 
maximal in rate at 365”. All three decomposition processes are endothermic. Pure 
ammonium persulphate can be dried to about 100” without decomposition and heating 
it to 200” ammonium pyrosulphate can be obtained. 

Ammonium thiocyanate 

The endothermic peaks on the DTA curve (Fig. 10) of ammonium thiocyanate 
at 90 and 115” are characteristic of changes of crystal structure of the sample. These 
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changes are reversible. The endothermic DTA peak at 150” is characteristic of 
melting of the sample; the break in the curve at about 170” shows that after the melting 
another process accompanied by an enthalpy change proceeds. This region of the 
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FIG. lO.-Ammonium thiocyanate. 

DTA curve shows the transformation of the ammonium thiocyanate into thiourea 

NH&N + CS(NH,),. 

The transformation proceeds only partially and on further increase of temperature 
the amount of the thiourea formed decreases. After melting and partial transformation 
the substance decomposes, ammonia, carbon disulphide and hydrogen sulphide 
being removed, while guanidine thiocyanate and melamine thiocyanate remain. The 
first decomposition process is complete at about 300”, while the thiocyanates formed, 
having a higher decomposition temperature, are removed at a maximal rate only at 
5 15”. This process is exothermic. 



Thermoanalytical properties of ammonium salts 925 

Ammonium nitrate 

The derivatographic curve (Fig. 11) of ammonium nitrate provides a good illus- 
tration of the advantage of a multifunctional apparatus (TG, DTG and DTA). 

Ammonium nitrate has three transformation points above room temperature. 
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Fro. 11 .-Ammonium nitrate. 

The three changes of crystal structure are well shown on the DTA curve by the 
endothermic peaks at 45, 84 and 130”. The sample melts at 166” (DTA curve). 
Decomposition and decrease in weight of ammonium nitrate begin above 150”. Up 
to 200” the decomposition is of small extent, and above 220” it becomes exothermic. 
Between 220 and 260” dinitrogen oxide (N,O) is formed in 98% yield: 

NH,NO, 5 2H,O + N,O. 

The decomposition proceeds explosively between 260 and 290“ and on further rise in 
temperature the amount (previously very small) of poisonous nitrogen monoxide 
(NO) and nitrogen dioxide (NO,) increases. Care should be taken in drying large 
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amounts of ammonium nitrate not to raise the temperature above 100-110” because 
explosion then becomes possible. 

A~~o~~~ ~o~y~~te tetrahydrate 

The sample weight begins to decrease above 40”. In the first step (Fig. 12) it 
loses its four molecules of water of crystallisation 

(NH&Mo,0,,.4H,O 4a-1700 (NH$,Mo,O,, + 4H,O. 

This process is shown by the DTG peak at 110” and the endothe~ic DTA peak 
at 120”. 
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Era. 12.~Ammonium moIybdate tetrahydrate. 

The sample weight then decreases further, the rate of decrease being a minimum at 
170”. Above 170” the weight of the sample decreases more quickly, the weight de- 
crease, corresponding to the removal of three molecules of water, being at a maximal 
rate at 230’ (TG curve): 

(NH&Mo,O,, 1io-260” u 6NH,.7MoO, + 3H,O. 
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The next decomposition process lasts from 260 to 400”, while six molecules of 
ammonia are removed and a residue of molybdenum trioxide remains 

6NH,.7MoO, 260-4000, 7Mo0, + 6NHa. 

The composition of the sample, calculated on the basis of the TG curve, is exactly 
identical with the above formula. The weight of the molybdenum trioxide residue 
slowly decreased above 600”, because at this temperature molybdenum trioxide 
sublimes. Material free from water of crystallisation can be produced by careful 
drying below 100”. 

Ammonium metavanadate 

The sample begins to decompose above 130” (Fig. 13), the decomposition 
proceeding in two well separated steps. In the first step, which is indicated by the 
endothermic DTA peak at 240” and the DTG peak at 230”, ammonia splits off 

NH,NO, _13@-2700t HVO, + NH,. 
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FIG. 13.~Ammonium metavanadate. 
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After the removal of ammonia, water starts to be lost, and above 470” only vanadium 
pentoxide remains 

2HV03 5 V,O, + H,O. 

Diammonium monohydrogen phosphate 

There is no weight change up to 100” (Fig. 14). Above this temperature loss of 
weight begins, proceeding at 150, 170 and 260” at a maximal rate. The three peaks 
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FIG. 14.~Diammonium monohydrogen phosphate. 

observed on the DTG curve indicate that several decomposition processes proceed 
simultaneously. In the first step ammonium dihydrogen phosphate is formed by 
removal of one mole of ammonia 

(NH&HPO, --t NH,H,PO, + NH,. 

After this loss of ammonia (at about 1503, the sample melts and diammonium 
dihydrogen pyrophosphate is formed by removal of one mole of water 

2NH4H,P0, - (NH&$,P&$ + H,O. 
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On further heating the pyrophosphate loses a further molecule of water and ammo- 
nium metaphosphate is formed 

(NH&H,P,O, + 2NH,PO, + H,O. 

This ammonium metaphosphate melt is water-soluble up to 280”, then an exothermic 
transformation takes place and a glassy metaphosphate melt, insoluble in water, 
remains. Further ammonia and water are removed from the ammonium metaphos- 
phate between 600 and 800” (maximal rate at 760”), leaving a residue of phosphorus 
pentoxide 

2NH,PO, + P,O, + 2NH, + H,O. 

During the experiment the various decomposition processes proceed simultaneously 
and may not be distinguished from each other. However, levels corresponding to the 
various compositions are drawn on Fig. 14, calculated on the basis of the weight of 
the sample, in order to make the decomposition processes clear. The various acidic 
pyro and metaphosphates formed from diammonium monohydrogen phosphate are 
very active and fuse different metal oxides, the phosphates of the metals being formed. 

Monoammonium dihydrogen phosphate 

It can be seen in Fig. 15 that weight loss only starts above 150”. The sample 
melts at 200”, which is indicated by an endothermic DTA peak. Above 200” de- 
composition proceeds in the same way as was described in Fig. 14 for diammonium 
monohydrogen phosphate. The individual decomposition processes also cannot be 
separated from each other here. 

Ammonium chromate 

The weight of the sample decreases above 50” (Fig. 16), the first decomposition 
process having a maximal rate at 125”. Ammonia and water are released and ammo- 
nium dichromate is formed 

2(NHJ,CrO, 50-150” - (NH&&O, + 2NH, + H,O. 

At this temperature, however, the ammonium dichromate is unstable and it slowly 
decomposes above 160”. The exothermic decomposition process proceeding at about 
230-240” indicates the simultaneous splitting off of water, ammonia and oxygen 

2(NH&Cr,O, 160-4500 ----+ 2Cr,03 + 4NH, + 2H,O + 30,. 

The decomposition finishes at about 405”, oxygen being lost in an exothermic process. 
The various stages show that the decomposition proceeds explosively and this fact 
causes a weight loss 2% more than the theoretical value, because the gaseous de- 
composition products carry away solid particles. 

Ammonium dichromate 

Ammonium dichromate is of constant weight up to 200” in air. Above this 
temperature the weight of the sample slowly begins to decrease, and between 240 
and 250” decomposition proceeds explosively (Fig. 17) 

2(NH,),Cr,O, 240-2500 - 2Cr,O, + 4NH, + 2H,O + 30,. 
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The decomposition proceeds in a single step when more than 100 mg of ammonium 
dichromate are involved (curve 1, Fig. 17). If the amount involved is decreased, 
decomposition proceeds in three steps. Curves 2 and 3 (Fig. 17) are thermograms of 
initial sample weights of 60 and 30 mg, respectively. The heating rate and other 
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FIG. 17.~Ammonium dichromate. 

experimental conditions were the same for all three measurements. The shape of 
curve 1 (TG curve) agrees well with that published by Duval;B that of curves 2 and 3 
is, however, markedly different. 

Ammonium pentaborate tetrahydrate 

Ammonium pentaborate tetrahydrate begins to loose weight above 100’ (Fig. 18). 
The DTG maximum at 160” indicates a maximal rate of removal of three moles of 
water of crystallisation 

NH,B50s.4H,0 loo -2300 - NH,B,O,.H,O + 3H2G. 
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FIG. 18.-Ammonium pentaborate tetrahydrate. 

Above 230” the fourth water molecule begins to be lost, the rate being maximal 
at 280” 

NH,B,O,.H,O 230-3300 - NH,B,O, + H,O. 

The fourth water molecule is bound more strongly than are the other three. After 
removal of the fourth molecule, ammonia splits off and pentaboric acid is formed 

NH,B,O, 330-4400 - HB50s + NH,. 

The pentaboric acid is, however, unstable at this temperature, immediately losing 
water to yield boric oxide 

2HBsOs z 5B,O, + H,O. 

On the DTG and DTA curves a peak corresponds to each of the described processes. 
The individual decomposition processes are more separated at a lower heating rate. 
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Water-free ammonium pentaborate cannot be produced by drying because loss of 
the fourth water molecule proceeds simultaneously with decomposition of the 
substance. 

Ammonium sulphamate 

The sample melts at 135’, as indicated by the endothermic peak on the 
DTA curve (Fig. 19). The weight of the sample does not change until 200”, then 
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Fro. 19.-Ammonium sulphamate. 

decomposition begins and is a maximum at 225 and 290”. Ammonia is removed and 
ammonium sulphamate is formed 

2NHJO,NH, -+ (NH,SO,),NH + NH,. 

According to our experimental conditions the reaction is not quantitative, because 
on raising the temperature decomposition of the ammonium sulphamate also starts. 
This decomposition is maximal in rate at 465” and is an endothermic process. 
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Ammonium carbonate 
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Decomposition of the sample has already begun at 20” and reaches its maximal 
rate at 75” (Fig. 20). Ammonia, carbon dioxide and water are formed 

(NH&CO, + 2NH, + CO, + H,O. 

The sample does not melt, but sublimes, and in the meantime decomposes. The 
endothermic peak at 80” is the enthalpy change of the decomposition. The DTG 
peak at 105” indicates that water remaining in the crucible during the decomposition 
is a little overheated and evaporated quickly. The decomposition is practically 
finished at 100“. By decreasing the partial pressure of the decomposition products, 
the decomposition can be completed at lower temperatures. According to our 
measurements ammonium carbonate cannot be dried without decomposition. 

I- DTA 
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T 

FIG. 20.-Ammonium carbonate. 

Ammonium acetate 

The decomposition of ammonium acetate starts above 60” (Fig. 21). The maxi- 
mum on the DTA curve at 100” shows partly the decomposition and partly the onset 
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Fxx Z--Ammonium acetate. 

of melting. The sample melts at 115” (DTA curve). Ammonia is lost first during the 
decomposition and acetic acid is formed. On raising the temperature acetamide results 
and water splits off 

or 
NH,OOCCH, + NH, -j- CHsCOOH 

NH,OOCCH, -+ HaNOCCH, -t E&O. 

The acetamide distils at about 150”. The decomposition is an endothermic process. 

~monjurn oxalate begins to decompose above 7f.F (Fig. 22). fn the first stage 
it loses its molecule of water of crystallisation (maximal rate at 1 IS*). The anhydrous 
ammonium oxalate is of constant weight between 120 and 200”, then decomposes 
above 200’, Decomposition proceeds in two stages. The first process is at a maximal 
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FIG. 22.-Ammonium oxalate monohydrate. 

rate at 235” and the second one at 300”. The DTG peak at 235” indicates decomposi- 
tion of oxalate. Carbon monoxide, carbon dioxide, ammonia, formic acid and 
oxamide are formed during the decomposition 

(NH&(COO), + H,N-CO-CO-NH, + H,O. 

The decomposition products are in the gaseous state at this temperature, except for 
oxamide, the composition varying according to the experimental conditions. 

Ammonium citrate 

The weight of the sample begins to decrease at about 150” (Fig. 23) in an endo- 
thermic process, the maximal rate being at 195”. Meanwhile, the sample cracked; 
the carbon residue was oxidised quantitatively only above 800”. 

Ammonium benzoate 

The weight of the sample scarcely changes before loo”, then it decreases and the 
substance sublimes. The endothermic DTA peak at 195” (Fig. 24) shows the melting 



Thermoanalytical properties of ammonium salts 

I 
i _ 

_ 

_ 

_ 

- 

1 I I I I I I I I I 1 I I I I I I I I 
OP~c&00g~00000000000 

0 n -oJmov)o -cam s sge$ 

4 



938 L. ERDEY, S. GAL and G. LIPTAY 
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FIG. 25.~Ammonium salicylate. 

of the sample (m.p . :l” 190”). The rate of weight decrease is a maximum at 235” after 
the melting (DTG curve). The substance left the crucible without any change in 
composition. This was confirmed by the absence of any carbon residue. 

Ammonium salicylate 

There is no change in 
its rate being maximal at 
was empty. 

Ammonium tartrate 

weight of the sample until loo”, when sublimation starts, 
190”. Sublimation was complete at 250” and the crucible 

Ammonium tartrate is of constant weight up to loo”, above which decomposition 
slowly starts. Ammonia is lost and ammonium hydrogen tartrate formed [maximal 
rate at 180” (Fig. 26)]n 

(NH,),C,H40, 1oo-2ooo_ NH,HC,H,O, + NH,. 
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FIG. 26.-Ammonium tartrate. 

The ammonium hydrogen tartrate begins to decompose above 200”, the decomposi- 
tion products varying according to the experimental conditions. They may include 
water, ammonium carbonate, ammonium acetate, formamide, efc. This process is 
maximal in rate at 245’. Above 300” there was a residue of decomposition products 
from the sample (about 30% of it). 

CONCLUSIONS 

It is important to follow exactly the prescribed experimental conditions. Thus, in 
the case of ammonium dichromate it was possible by decreasing the amount of the 
substance to avoid an explosive decomposition (Fig. 17). For initial amounts of 30 
and 60 mg of material, the decomposition products do not carry away solid particles, 
so the amount of the residue is equal to the theoretical value; for 120 mg of material, 
however, the decomposition proceeds explosively and the weight of the residue is 2% 
less than the theoretical value. 

The decomposition curves of ammonium salts of organic acids show well that 
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the decomposition temperature increases with increasing molecular weight. Ammo- 
nium salicylate (Fig. 25) and ammonium benzoate (Fig. 26) sublime without 
decomposition. 

On the basis of the high temperature acid-base theory, the decomposition of 
ammonium salts can be explained by the fact that the base strength of the anion 
increases with rise in temperature until it reaches the base strength of the ammonia 
molecule. At this temperature the anion base removes the proton from the ammonia. 

H&N + :,l-,-x1 + H-Cl: 

I 
. . 

H 

The weaker the anion base, the higher the temperature of the decomposition. Com- 
parison of decomposition curves of the various ammonium salts gives information 
on the base strength of the anions. According to the measurements-in agreement 
with the known facts-the strongest anion base is the oxygen ion. The strongly basic 
character of the oxygen ion is shown by the fact that ammonium oxide [(NH&O] 
has never been made because of its instability. After the oxygen ion the halide ions 
follow in the order of decreasing base strength: F-, Cl-, I-, Br-. Under the given 
conditions iodide ion is a stronger base than bromide, which is connected with its 
higher deformability. On the DTA curves of ammonium salts temperatures of 
interconversion of different crystal modifications appear. During such conversions 
the more closely packed crystal structure is always formed on the higher temperature 
side, which is in agreement with the known fact that at higher temperatures the 
co-ordination number generally increases. 

Zusammenfassung-26 Ammoniumsalze wurden derivatographisch 
untersucht. Gewichtsanderung und ihre Geschwindigkeit sowie die 
Enthalpielnderung der Salze wurden in Abhangigkeit von der Tempera- 
tur gemessen. An Hand der Ergebnisse werden die Temperaturen 
angegeben, bei denen die Salze unzersetzt getrocknet werden kiinnen. 

Resume-On a etudie vingt six sels d’ammonium par derivatographie. 
La variation de poids, la vitesse de variation de poids et la variation 
d’enthalpie ont ete mesurQs en fonction de la temperature. A partir 
de ces resultats, on donne les temperatures auxquelles les sels peuvent 
&tre &h&s sans decomposition. 
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Summary-Oxycellulose has been applied as a collector for the 
following metal-ion contaminants of organic solvents and of different 
organic compounds: Cu *+, FeS+, Ni*+, Pbe+, Zne+. From 100ml 
of solvent l-2Opg of ions have been collected with 5 mg of 
oxycellulose. The solutions of the organic compounds were l-3%. 
The water content of the solvents has a marked effect on the collection. 
By repeated collection an ion can be removed quantitatively. 

INTRODUCTION 

EARLIER investigation+ showed that oxycellulose is a very suitable material for the 
collection and removal of traces of metals from distilled water and from highly 
diluted inorganic salt solutions. After collection, the metal ions are identified directly 
on the oxycellulose. The ionic strength of the solution has a marked effect on the 
metal-binding capacity of oxycellulose. 

The detection and the quantitative determination of the metal contaminants of 
organic compounds is a frequent and an important task in analysis. The metal- 
binding capacity of oxycellulose in the presence of organic solvents and of different 
organic compounds has therefore been investigated. The collection of the following 
metal ions was studied: Cu2+, Few, Ni2f, Pb2+ and Zn2+. For the collection of these 
ions the method described previously was used. l The fixation of lead ion on oxycellu- 
lose was followed quantitatively by the dithizone method.2 

EXPERIMENTAL AND RESULTS 

Qualitative investigations 

Table I gives ihe minimum detectable quantity of the ions Cu2+, Fe3+, Ni2+, Pb2f 
and Zn2+ on oxycellulose, collected from water and from different solvents. The ions 
were added to the purified solvent in increasing quantity, and were tested for after 
collection on the oxycellulose disc. In most of the organic solvents the minimum 
detectable quantity of the ions was greater than in water. The greater the water 
content of the solution, the smaller was the quantity of metal ion that could be detected. 
With water-immiscible solvents, e.g., chloroform, carbon tetrachloride, benzene, fatty 
acid salts of the metals were used. 

* Part I-See ref. 1. 

941 
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TABLEI.-IONS COLLECTEDONOXYCELLULOSEFROM SOLVENTS 

Solvent 
IOn, lc6g 

CUP+ Fe%+ Ni2+ Pb*f Zna+ 

Acetone 
Methyl alcohol 
Ethyl alcohol 
n-Propyl alcohol 
n-Butyl alcohol 
Isobutyl abohol 
Dioxan 
Dimethylformamide 
Chloroform 
Carbon tetrachloride 
Benzene 
Water 

5 5 5 10 10 
1 1 1 10 1 
1 1 1 10 1 

15 10 5 20 5 
10 5 1 20 
5 5 1 5’ 

I5 5 5 ::: 20 
1 1 5 10 IO 
2 1 2 10 5 
2 1 2 10 5 

10 2 10 10 5 
1 1 1 1 1 

The following list includes the various organic compounds from which more than 
50% of the Cuz+, Fesf, Ni*+, Pb2+ and Zn2+ ion (up to 10 pg) could be collected on 
oxycellulose : 

Acetamide Hyoscine hy~obromide 
Acetanilide Lactose 
Antipyrine Mannite 
Aspirin 2-Naphthol 
Benzoic acid Phenacetin 
Bromacetocarbamide Phenol 
Bromovalerocarbamide 2-Phenylcinchoninic acid 
Caffeine Pyrogallol 
Carbamide Raffinose 
Chloral hydrate Phenyl salicylate 
Cholesterol Santonin 
5,5_Diethylbarbituric acid Terpinal hydrate 
5-Ethyl-5-butylbarbituric acid Theophylline 
Glucose Thymol 
Methyl p-hydroxybenzoate Urethane 

All the commercially available materials were contaminated with heavy metals. 
Therefore, before the experiments, these materials were purified with oxycellulose. 
In the case of complex-forming compounds (citric, oxalic, succinic, thiobarbituric 
acids, etc.) oxycellulose could not remove the metal ion. With alkaloid salts the col- 
lection is effective only in dilute solution. The detection of the ion is not influenced 
by the colour of the sample, because the organic compounds can be washed out from 
the oxycellulose disc by water or by another solvent. The bound metal ion is not 
removed by this procedure. 

For an indication of the metal ions likely to be present in various solutions or 
solvents this qualitative process, using oxycellulose, is a very suitable rapid method. 
By dividing the oxycellulose disc into pieces, more than one ion can be tested for 
without using the ring-oven method. 
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Quantitative investigations 

In the quantitative investigations, the fixation of Pb2+ ion on oxycellulose, from 
water, from different solvents and from solutions of organic compounds, was followed 
by the dithizone methods2 

One hundred ml of the solvent, containing l-5 ,ug of Pb2+ ion, were shaken with 5 mg of oxy- 
cellulose for 5 min and the oxycellulose fibrils were collected as usual.’ The oxycellulose disc was put 
into a volumetric flask, and the lead ion was extracted by a dithizone-carbon tetrachloride solution 
in the presence of potassium cyanide. The colour of the solution was compared with that of a 
lead-dithizone standard solution. 

Table II shows the result of the collection of Pb2+ ion from water on oxycellulose. 
By repeated collection, l-5 ,ug of PbU- ion could be removed quantitatively. 

TABLE K-QUANTITATIVE COLLECTION OF Pb*+ FROM WATER WITHOXYCELLULOSE 
AFTER REPEATED COLLECTION 

Added Pb2+ ion 
pggi100ml ’ 

First 
collection 

Pba+ ion, pg, Arithmetical 
-- mean of 

Second Third Pb”+ 
collection collection ion found, ,ug 

1-O 0.6 0.7 0.6 0.4 0.3 0.3 1.0 
2.0 1.2 I.3 1.2 0.5 0.5 0.5 0.3 0.2 0.2 2.0 
3.6 I,6 1.6 1.9 0.6 0.7 0,6 0.4 0.5 0.3 2.7 
40 2.8 3.0 2.8 0.7 0.6 0.6 0.3 0‘2 @2 3.7 
5.0 3.5 3.4 3.2 O-8 0.8 1.0 0.3 o-4 0.3 4.6 

Table III indicates that there may be some relation between the amount of Pb2f 
ion removed by oxycellulose and the dielectric constant of the solvent. 

As mentioned earlier, the water content of the solvent has a marked effect on the 
collection. OnIy a few per cent of the added metal ions can be removed by oxycellulose 
from anhydrous solvents (water content less than 1OF - 1O--3%). If the oxycellulose 
was swollen with water before adding it to the anhydrous solvents, the quantity of the 
bound ion increased. This suggests that swelling of the oxycellulose is of considerable 
importance in binding the metal ions. (According to results in the literature,3 water 
has the greatest swelling effect on oxycellulose.) 

TABLE III.-EFFECTOF DIELECTRIC CONSTANTON 
THE COLLECTION OF Pbe+ ION 

(Pb*+ ion: 5 &50 ml; oxycellulose: 5 mg) 

Solvent 

Arithmetical 
mean of 

Dielectric Pb”+ ion found I 
constant, E I% 

Water 
Dimethylformamide 
n-Butyl alcohol 
Methyl alcohol 
Ethyl alcohoi 
n-Propyl alcohol 
Ethyl acetate 
Ether 
Dioxan 
Acetone 

78 
37 
18 

:: 
20 

60 
4.0 
2.2 

21 

3.8 
2.7 
2.0 
1.5 
0.9 
0.8 
0.5 

0”:; 

0.2 
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The results in Table IV show the extent of removal of Pb2+ ion from different 
solvent-water mixtures. 

In Table V the results of the quantitative collection of 1 ,ug of Pbs+ ion from 
organic compounds are summarised. The compounds were dissolved in 30 ml of water. 

TABLE IV.-COLLECTION OF Pb2+ BY OXYCELLULOSE FROM SOLVENT WITH 
DIFFERENT WATER CONTENTS 

(Pb2+ ion: 5 pg/50 ml) 

Arithmetical mean of Pb2+ ion found, pg 
-____ 

Solvent Water content, v/v % 
---_- 

1.5% 10% 20% 50% 
_____ -____-- -______ ____~____ 
Acetone 0.2 0.4 1.1 2.2 
Dimethylformamide 2.7 2.7 28 3.0 
Dioxan 0.3 1.2 1.3 2.8 
Ethyl alcohol 0.9 1.0 1.2 2.0 
Methyl alcohol 1.5 1.7 1.6 3.0 

TABLE V.-COLLECTION OF Pb2+ BY OXYCELLULOSE FROM 
ORGANIC COMPOUNDS 

(Pb2+ ion: 1.0 pug/30 ml of water) 

Compound Arithmetic mean of 
in 30 ml of Pb2+ ion found, 

Compound water, g clg 

Acetamide 1 1.0 
Antipyrine 1 1.0 
Glucose 1 0.6 
Hydroquinone 1 1.1 
Carbamide 1 0.9 
Thiocarbamide 1 0.7 
Urethane 1 1.0 
Atropine sulphate 0.1 0.6 
Ephedrine hydrochloride 0.1 0.5 
Hyoscine hydrobromide 0.1 0.7 
Quinidine sulphate 0.1 0.5 

CONCLUSIONS 

From the results of experiments dealing with the collection of frequent metal 
contaminants of various organic solvents and organic compounds, it is apparent that 
oxycellulose is a suitable collector for metal ions, not only from aqueous but also 
from non-aqueous solutions. 

Zusannnenfassung-Oxycellulose wurde zur Anreicherung folgender 
Metallverunreinigungen in organischen Lijsungsmitteln und ver- 
schiedenen organ&hen Verbindungen verwendet : Cu*+, Fesf, Ni2+, 
Pba+ und Zna+. l-20 pg dieser Ionen wurden aus 100 ml Lijsungsmittel 
mit 5 mg Oxycellulose angereichert. Die Lijsungen der organ&hen 
Verbindungen waren l-3 %. Der Wassergehalt der Lbsungsmittel 
war von grodem EinfluB auf die Anreicherung. Durch wiederholte 
Anreicherung konnte das Ion quantitativ entfemt werden. 

R&sum&On a utilise l’oxycellulose comme collecteur pour recueilhr 
les ions metalliques suivants, contaminants de solvants organiques et 
de divers composes organiques: Cu2+, Fes+, Ni*+, Pbe+, ZnBf. Avec 
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5 mg d’oxycellulose, on recueille l-20 pg d’ions de 100 ml de solvants. 
La concentration des solutions de composes organiques est de l-3 %. 
La teneur en eau des solvants a une grande influence sur la separation. 
Par traitements rep&es, I’ion petit Qtre s&pare quantitativement. 
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Summary_-Rr values ofp’-substituted-p-hydroxyazobenzenes on paper, 
glass-fibre “paper”, and these papers impregnated with different 
amounts of alumina are given. Results indicate that the alumina is 
primarily responsible for sorption. The effect of the electrical nature 
of the p’-substituent on sorption is small. Sorption is considered to 
be a result of hydrogen bonding between oxygen centres in the sorbed 
molecule and active hydrogen centres on the hydroxylated alumina. 

INTRODUCTION 

THE suggested relation between R values from column adsorption chromatography 
and linear adsorption isotherms has been substantiated by C1aesson.l This worker 
successfully constructed linear adsorption isotherms for a number of homologous 
series of organic compounds from results obtained by using the interferometric method 
of Tiselius and Claesser? with the techniques of frontal analysis, displacement analysis 
and carrier-displacement analysis. 

LeRosen and his coworkers3 related the structure of a molecule to its sorption 
on silicic acid. Martin4 established a theoretical relation between the chemical 
potential of a molecule and its partition coefficient for a two-phase system of ideal 
solutions when the two phases are in equilibrium, and derived the expression 

A,+,A = RT In 

where A,u(r,A = the free energy required to transport 1 mole of A from phase S 
to phase M, 

NAM = the mole fraction of A in phase M, 

and NAs = the mole fraction of A in phase S. 
He also showed that where the molecule A is composed of the several groups X, Y 
and Z, then the free energy required to transport A from phase S to phase M is the 
sum of the free energies required to transport the individual groups X, Y and Z from 

phase S to phase M. 

* Presented at a joint meeting of the Institute of Chemistry of Ireland and the Scottish Section of 
the Society for Analytical Chemistry in Dublin, 5 September, 1963. 
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Later, Sporer and Trueblood carried out a quantitative study of the relation 
between the molecular structure of a number of aromatic compounds and their 
adsorption affinities on silicic acid-celite columns using benzene as the eluent. These 
workers observed that Langmuir isotherms calculated from observed chromatographic 
development rates agreed with those evaluated from static adsorption studies deter- 
mined for the same systems. They also suggested that the standard free energy change 
for a molecule on adsorption, as given by the equation 

AF” = -RTlnK 

is, to a first approximation, the sum of the free energy changes for the component 
atoms which comprise the molecule. This established for adsorption chromatog- 
raphy a similar thermodynamic concept to that proposed by Martin4 for partition 
chromatography. 

Eri6, Goode and Ibbitson6 have carried out static adsorption studies of phenols 
from cyclohexane onto alumina, while Ibbitson, Jackson, McCarthy and Stone’ have 
similarly investigated azobenzenes sorbed from benzene. In each case the free energy 
changes of sorption have been determined in terms of the equation 

AG” = -RT In K. 

Because of the foregoing we have sought to correlate data obtained from static 
sorption studies of hydroxyazobenzenes from benzene onto alumina by Stone,* with 
Rf values determined for the same compounds by adsorption chromatography on 
alumina-impregnated papers with benzene as the eluent, and with other known 

physical parameters. In each case the compounds were chromatographed on un- 
treated paper of a comparable grade as control experiments. The compounds investi- 
gated were p-hydroxyazobenzenes with substituents of different electrical character 
in the p’-position. 

EXPERIMENTAL 
Five grades of paper were used in the investigation: 

(a) untreated Whatman No. 1 paper, 
(b) Whatman No. 1 paper impregnated with 2 % of alumina, 
(c) Whatman No. 1 paper impregnated with 7.5 % of alumina, 
(d) untreated glass-fibre paper, 
(e) glass-fibre paper impregnated with 7.5 % of alumina. 

The papers were activated at 120” for 15 min (heating for longer periods caused yellowing of the 
paper), then cooled in a vacuum desiccator. 

Samples (2.5 rd) of the hydroxyazobenzenes (1% w/v solutions) were applied at a point 6 cm 
from the base of a paper and at intervals of 2 cm from each other. The dispersing solvent was removed 
by a current of warm air directed at the point of application of the samples. 

The eluent, M.F.C. grade benzene, was dried over sodium wire, redistilled, and the fraction 
boiling at 80.1” (760 mm pressure) collected. This gave a single peak when examined by gas-liquid 
chromatography on a dinonylphthalate column at 75”, using a Pye Argon Chromatograph. 

The papers were conditioned in a tank saturated with benzene vapour for 15 min, then eluted by 
an ascending technique at a temperature of 25” f 0.5”. The length of run was governed by the 
distance reached by the solvent front (ca. 22 cm from the point of application), rather than by time, 
because of the different rates of flow of the eluent through the different grades of paper. For both 
grades of glass-fibre paper the eluent rose to the desired height in 1 hr. The three grades of filter 
paper were slower, the solvent taking 3-5 hr to rise through the paper; the untreated paper was the 
fastest and the paper impregnated with 7.5 % of alumina the slowest. After elution, the chromato- 
grams were dried and viewed under an ultraviolet lamp to mark the positions of compounds. 

RESULTS 

The results collected in Table I represent the mean of 5 runs. The Rf values are 

reproducible to &O.Ol of an Rf unit. 
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DISCUSSION 

From Table I it can be seen that on untreated glass-fibre paper the compounds 
travelled with the solvent front. Some sorption took place on untreated Whatman 
No. 1 papers but all of the compounds had high Rf values, there being little differ- 
entiation between the values for the different compounds. Impregnation of the papers 
with alumina resulted in a substantial increase in the degree of sorption, with Rf values 
ranging from 0.33 to 0.54 on the 2% alumina-impregnated paper, 0.08 to 0.15 on 
the 7.5 % alumina-impregnated paper, and 0.03 to 0.05 on the 7.5 % alumina- 
impregnated glass-fibre paper. Hence, it is concluded that the alumina surface is 
responsible for the sorption of the compounds, with the “paper” substrate playing 
little or no part in sorption. 

TABLE I.-R1 VALUES OFP'-SUBSTITUTED-p-HYDROXYAZOBENZENES 

p’-Substituent (a) (b) (d) (e) 

Nitro 0.95 0.37 0.09 1.0 
Chloro 0.97 0.54 0.15 1.0 
Bromo 0.96 0.52 0.14 1.0 
Iodo 0.96 0.52 0.12 1.0 
Hydrogen 0.96 0.52 0.13 1.0 
tert-Butyl 0.95 0.48 0.13 1.0 
Methyl 0.95 0.46 0.12 1.0 
Methoxyl 0.94 0.33 0.08 1.0 

0.02 
0.03 
0.03 
0.03 
0.04 
0.04 
0.05 
0.04 

* (a) Untreated Whatman No. 1, (b) Whatman No. 1 paper impregnated with 2 % of 
alumina, (c) Whatman No. 1 paper impregnated with 7.5 ‘A of alumina, (d) untreated 
glass-fibre paper, (e) glass-fibre paper impregnated with 7.5 % of alumina. 

Three other factors may now be considered : (a) the effect of the electrical nature 

of the p’-subtituent, (b) the mechanism of sorption, and (c) the alignment of the 
sorbed molecule onto the surface of the adsorbent. 

(a) Efect of electrical nature of p’-substituent 

Stone,8 from static sorption studies, has suggested that compounds of this type 
are adsorbed from benzene onto alumina as a result of hydrogen bonding between 
the hydrogen atom of the hydroxyl group of the molecule and the active oxygen 
centres on the alumina surface. He found that though the free energy decrease of 
sorption could be correlated with the electrical character of the p’-substituent, those 
compounds with electron-attracting groups being more strongly adsorbed than those 
with electron-releasing groups, the magnitude of the free energy change is small. 

This effect has been confirmed and explained by Catchpole, Foster and Holden 
who determined the hydroxyl stretching frequencies for hydroxyazobenzenes, in- 
cluding a number of the compounds investigated here. A plot of the hydroxyl 
stretching frequencies for these compounds against Hammett CI functions,10 was 
compared with a similar plot for comparable phenols using the data of Flynn, Werner 
and Graham.ll Both plots were linear, with the former having a smaller slope than 
the latter. Catchpole, Foster and Holdens suggested, therefore, that the electronic 
effect of the p’-substituent in the one benzene ring suffers a decrease in intensity when 
transmitted across the azo group to the p-hydroxyl group in the other benzene ring 



950 R. J. T. GRAHAM and C. W. STONE 

of the conjugated system. Catchpole and coworkersg*12 showed that the electrical 
effect of the p’-substituent on the acid dissociation constants of these hydroxyazo- 
benzenes is also small. 

From Table I it can be seen that for the 2 % alumina-impregnated papers and the 
7.5 % alumina-impregnated papers the Rr values, in general, change with the electrical 
nature of the group but once again the magnitude of the change is small. 
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(6) Mechanism of sorption 

For the mechanism of sorption of the compounds onto alumina-impregnated 
paper to be the same as that proposed by Stone* for static sorption, one would expect 
that the order of Rr values would parallel the order of free energy changes of sorption 
and that a plot of Rf values against - AG” values would be linear. Furthermore, one 
would expect plots of Rf values against hydroxyl stretching frequencies, Hammett (r 
functions and dissociation constants to be linear. 

However, from Table I and from Fig. 1 it can be seen that the Rf values do not 
parallel the free energy changes. For substituents which do not contain an oxygen 
atom, the Rf values are lower, indicating stronger adsorption for electron-releasing 
groups than for electron-attracting groups, i.e., the reverse of that expected from 
Stone’s work. Those compounds in which thep’-substituent contains an oxygen atom 
are strongly adsorbed irrespective of whether the oxygen atom is part of the electron- 
attracting nitro group or of the electron-releasing methoxyl group. 

Further, for compounds containing non-oxygenated substituents in thep’-position, 
the higher Rr values, relative to the values for the unsubstituted parent compound, 
in the presence of electron-attracting substituents are associated with (a) hypsochromic 
shifts of the hydroxyl stretching frequencies (Fig. 2), (b) positive Hammett o functions 
(Fig. 3), and (c) stronger acid dissociation constants (Fig. 4), while the lower Rr values 
for the electron-releasing substituents are associated with (a) bathochromic shifts, 
(b) negative Hammett o functions, and (c) weaker acid dissociation constants. As 
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in the case of the plot of the Rr values against -AG” values, however, the positions 
of the compounds with oxygen atoms in the substituent groups are anomalous. 

Because of these facts we consider that a different mechanism of bonding must 
operate on the alumina-impregnated papers from that on static beds of alumina. 

We propose that, in accordance with the suggestion of Bernal,13 the alumina 
is hydroxylated, presenting at its active sites not oxygen atoms but hydrogen atoms, 
and that the mechanism of sorption is hydrogen bonding via the phenolic oxygen and 
these active hydrogen sites. The electron-attracting halogen atoms decrease the elec- 
tron density around the phenolic oxygen, thus resulting in a weakening of the hydrogen 
bond and an increase in the Rr values. The electron-releasing groups increase the 
electron density at the phenolic oxygen atom and hence increase the tendency to 
hydrogen bond with the proton-donating hydroxylated alumina. Compounds con- 
taining a nitro or methoxyl group hydrogen bond by the oxygen atoms at either end 
of the molecule. They are thus more strongly adsorbed, and hence have lower Rf 
values. 

This view is substantiated by the results of other workers. Thus, Ibbitson, Jackson, 
McCarthy and Stone,’ who observed an unexpectedly low free energy change for 
p-acetoxyazobenzene, proposed that the compound was sorbed by one of two mecha- 
nisms: either the carbonyl group activates a hydrogen atom of the methyl residue 
and this activated hydrogen atom bonds with the active oxygen of the alumina, or 
the acetyl group acts as an acceptor group for hydrogen bonding while the alumina 
acts as a proton donor. The latter of these two explanations is in accordance with 
our view. 

Bark and Graham14 observed that for substituted phenoxyacetic acids chromato- 
graphed on paper, those with oxygen atoms in the substituent groups had lower Rr 
values than the unsubstituted acid, whilst those with halogen or alkyl groups had 
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higher Rc values. Sporer and Trueblood concluded from their studies that the active 
sites on silicic acid were hydroxyl groups. Smiths6 observed that halogenated phenols 
had higher Rf values than alkyl phenols when sorbed from benzene onto silica gel. 
Bark and Graham16 have similarly explained the behaviour of nitrophenols on 
alumina-impregnated papers. 

(c) Alignment of sorbed molecule onto surface of absorbent 

From column adsorption chromatography, Zechmeister,” Brockmann~* and Sporer 
and Trueblood have proposed the group anchoring site concept for attachment of 
the sorbed molecule to the surface. From studies of hydrocarbons and azobenzenes 
sorbed onto alumina-impregnated glass fibre paper, Klemm and coworkerP proposed 
a “flat-wise” rr complex for the former and a partial “flat-wise” sorption through the 
rr electrons of the benzene ring and the lone pair of electrons of the azo-nitrogen atoms. 

The presence of a single spot and the absence of tailing for each compound on 
our chromatograms suggests the absence of the unstable cis isomers, and that the 
compounds migrate as the stable trans forms. Hence, for the proposed mechanism 
of bonding to occur, i.e., the attachment of the phenolic oxygen to the substrate, the 
azo-skeleton is tilted slightly away from the substrate, into the organic mobile phase. 
Even so, the angle of the tilt is sufficiently small for the oxygen atoms of the nitro 
and methoxyl groups to be su~~iently close to the substrate surface for hydrogen 
bonding to occur. 

Acknowledgement-We thank Messrs. Reeve Angel and Co. Ltd. for the gift of impregnated papers. 

Zusammeafassung-Rt-Werte p’-substituierter p-Hydroxyazobenzole 
an Papier, Glasfasser-“papier” und mit verschiedenen Mengen 
Aluminiumoxyd impragnierten Papieren werden angegeben. Di 
Ergebnisse zeigen, da5 in erster Linie das Aiumini~oxyd ftir die 
Sorption verantwortlich ist. Der EinfluB des elektrometen Effekts 
des p’-Substituenten ist gering. Die Sorption wird als Ergebnis von 
Wassers tofibrticken zwischen Sauerstoffatomen im sorbierten Molekiil 
und aktiven Wasserstoffatomen am hydroxylhaltigen Aluminiumoxyd 
angesehen. 

R&m&--On donne les valeurs Rr de p-hydroxyazo~n~nes p”- 
substitues, sur papier, papier en fibre de verre, et sur les memes papiers 
impregnes de differentes quantites d’alumine. Les r&.ultats indiquent 
que l’alumine est essentieliement responsable de la sorption. L’effect, 
sur la sorption, de la nature dlectrique du substituant en p’ est faible. 
On considere que la sorption est un resultat de la liaison hydrogene 
entre les centres oxygene dans la molecule sorb&e et les centres hydro- 
gene actif de I’alumine hydroxylee. 
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S~~-Man~~Ir is oxidised to permanganic acid by treatment 
with a slight excess of ammonium hexanitrat~~~(I~ in a 0%2M 
nitric acid medium at room temperature. The reaction is markedly 
catalysed by silver nitrate, so that quantitative oxidation is possible 
within 1 min. Conditions have been developed for utilising the 
catalyscd reaction for the calorimetric determination of manganese 
over the range 0.33-1993 mg/litre. The new method has the advantage 
over those currently available in that the oxidation to manganesevxr 
is stoichiometric at room temperature. Under the conditions pre- 
scribed the permanganic acid formed is stable for at least 24 hr. 
Interference from sulphate and from chloride, bromide and iodide 
can be eliminated by treating the test solution with barium nitrate 
or silver nitrate, respectively, before the oxidation with ceriumrv. 
Application of the method to the determination of manganese in 
steel is considered. 

THE calorimetric determination of manganese has engaged the attention of chemists 
for over a century. Cruml appears to have been the first to observe the oxidation of 
manganeseI to permanganate by lead dioxide in nitric acid solution. Pichard and 
a host of workers employed this reaction for the calorimetric determination of 
manganese. Reddrop and Ramage as early as 1895 proposed the oxidation of 
manganeseI to ~~anganate with sodium bismuthate. The method seems to have 
been forgotten until Dufty” again drew attention to it in 1901. In the procedures 
employing both lead dioxide and sodium bismuthate, excess oxidising agent should be 
separated from the solution by filtration before the colour comparisons are made. 
Moreover, both methods suffer from the defect that a high temperature is necessary 
to complete the oxidation of manganeseI to permanganate. It is also possibIe that 
some of the permanganate may decompose at the high tempemture and high acidities 
recommended. Marshall,6 Von Knorre6 and Walters7 used potassium persulphate 
with a silver salt as catalyst in the oxidation of manganeseI to manganeseVrl in the 
calorimetric determination of manganese. The general procedure that has been evolved 
as a result of the investigations of several workers is to heat the manganeseI in a 
sulphuric acid medium (containing some phosphoric acid) with excess persulphate 
and a trace of silver salt as catalyst. Phosphoric acid serves to prevent the precipitation 
of manganese dioxide. Gortner and Rests and ApplebaumQ criticised the persulphate 
method, stating that the oxidation of manganeseI is often incomplete and that the 
permanganate colour frequently fades in a short time. 

* Part II: Tafanta, 1963, 10, 657. 
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In view of the erratic nature of the persulphate-manganeseI reaction, Willard 
and GreathouselO proposed the use of potassium periodate for the oxidation of 
manganeseI to manganesevI~ in sulphuric, phosphoric or nitric acid or in a mixture 
of two or more acids. ChromiumIrI, cerium”I, etc., are also oxidised by periodate 
in acid solution. A disadvantage is that a large excess (about fifty to one hundred 
times) of periodate has to be used. Koroleffll proposed the use of a silver salt to 
speed up the reaction and this also assists in economising on the amount of periodate. 
Although Willard and Greathouse proposed a minimum concentration of l-751%4 
sulphuric acid, Richards l2 found that when the concentration of manganese is low 
(a few pg in 10 ml), a high concentration of phosphoric acid prevents the full develop- 
ment of the colour. Richards recommends an acidity of 2*ON in sulphuric acid. 
While determining manganeseI in caustic soda, Williams and AndeP add sufficient 
phosphoric acid to produce a pH of 2 at which the oxidation by periodate is conducted. 
NydahP recently stated that the calorimetric dete~ination of manganese according 
to the periodate method requires rather a long period of heating for the full develop- 
ment of colour, especially in very dilute solution, even when it is carried out as proposed 
by Richards or by Koroleff. When the amount of manganese is 1 ,umole/lOO ml, 
Nydahl observed the oxidation to take place only to 49% extent in 1 hr, on a steam 
bath, and to 57% in 2 hr when carried out under the optimum conditions prescribed 
by Richards. In the presence of O-1 mmole of silver nitrate the corresponding figures 
were 86 and 9 1 %, respectively. 

Strickland and Spicer15 carried out a fairly systematic study of the important 
factors governing a satisfactory analytical application of the periodate oxidation. 
They observed that 

1. The extinction obtained from a given quantity of manganese can vary in 
magnitude and reproducibility according to the conditions. 

2. The rate of oxidation is mainly dependent upon the acidity of the solution and 
has a minimum value when the reaction takes place (at 100”) in a nitric or sulphuric 
acid medium of 1.5M concentration. At lower acidities the reaction becomes very 
rapid, but the extinctions are rather erratic and the use of a low acidity to increase 
the rate is not recommended. With more strongly acid solutions there is again an 
increase in the rate of the reaction, but the final extinction under these conditions 
decreases less rapidly and the extinctions are reproducible. Nevertheless, for several 
reasons, the acidity must not exceed certain approximate values. It is suggested that 
the most satisfactory acid range to use with sulphuric acid at 100” is 3-6M and the 
corresponding range for nitric acid at 100” is 4-7M. 

3. With sulphuric acid concentrations greater than 6&f the decrease of extinction 
becomes very rapid, largely because of the formation of permanganic anhydride. 
The effect with nitric acid is not so pronounced and is mainly the result of the forma- 
tion of quadrivalent manganese. If the acidity becomes too great in nitric acid media, 
manganese dioxide may precipitate. In view of the above effects, the acidity of 
sample and standard solutions should be reproduced to within at least 05M and care 
should be taken to ensure that concentration changes from evaporation, etc., do not 
exceed 5-10%. 

4. If solutions are boiled, the additional complication of permanganic acid 
volatility is encountered in the case of sulphuric acid solutions. This can lead to 
appreciable errors in acid solutions more concentrated than 6M. 
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5. Because the rate of oxidation increases two or three times for an increase in 
temperature of 20”, it is obvious that as high a temperature as practicable should be 
used. The m~imum extinction from a given quantity of manganese can vary by a 
few per cent, however, according to the exact temperature and the latter should be 
controlled to within 10”. Superheating (which is marked with sulphuric acid) may 
be avoided by the addition of glass beads, etc. 

6. The reaction does not depend to any appreciable extent on the concentration 
of periodate, provided that this exceeds the concentration of manganese some fifty or 
one hundred times. It is suggested that 05 g of potassium periodate is used for every 
100 ml of solution in which the concentration of manganese” should not exceed about 
5.10 x 104M. 

7. The nature of the reaction is such that complete oxidation is never theoretically 
achieved and the extinction-time curve approaches a maximum asymptotically. 
Although in practice the extinction rapidly attains a maximum value within the 
sensitivity of measurement of the absorptiometer, the relatively slow approach to this 
value makes a visual estimation deceptive and it is essential to allow further time to 
elapse after the colour appears to be fully developed. 

Tomula and Aho16 proposed a calorimetric method for the determination of 
manganese I1 through its oxidation to manganeselrl in a sulphuric acid medium by 
potassium bromate, the resulting manganese II1 being stabilised by compiexation with 
phosphoric acid. Purdy and Hurnel? in a recent communication criticised the method 
and stated “in attempting to study the reproducibility and sensitivity of their method, 
the authors were unable to obtain consistent results”. The latter authors improved 
the method and determined manganese as the tervalent complex in strong sulphuric 
acid. As much as 70 mg of manganese/100 ml could be determined. The recom- 
mended procedure was to treat the sample solution with enough concentrated 
sulphuric acid to give an over-all 8M acidity on dilution to 100 ml, followed by the 
addition of 2 ml of 0.51M potassium cyanide and 5 ml of 0.17M potassium bromate. 
After diluting to 100 ml, the absorbance of the solution was measured at 500 rnp in 
a spectrophotometer. Working at such high acid concentrations is not, however, 
always convenient, and the use of potassium cyanide is associated with the obvious 
dangers. 

In view of what has been said above it was considered advantageous to possess 
a reagent which can oxidise manganeseI* to permanganate quantitatively at room 
temperature. We have observed that ammonium hexanitratocerate(IV) does this in 
a dilute nitric acid medium. Silver nitrate accelerates the reaction to such an extent 
that the oxidation is complete within 1 min at room temperature. We have developed 
conditions under which the reaction can be used for the coiorimetric determination 
of manganese over the range O-33 to 19.93 mg/litre. Nitrate, perchlorate and borate 
do not interfere. Interference from chloride, bromide and iodide can be eliminated 
by adding sufficient silver nitrate to precipitate the silver halide, which is filtered off. 
Suiphate is similarly removed by the addition of barium nitrate to the hot test solution. 
NickelI t ironnIt copperxl, calciumIr, bariumI and molybdenumvr do not interfere 
even when present in large quantities; when cobaltr’ is present a correction for its 
own colour becomes necessary. ChromiumI1’ interferes because it is oxidised along 
with the manganese *I, but curiously enough the oxidation of manganese” does not 
go to quantitative completion at room temperature in the presence of chromiumIn. 
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Reagents 
EXPERIMENTAL 

Am~n~~rn hex~itrutocer~te(I~. An approximately 0.05M stock solution of this reagent was 
prepared as described in Part I of this series .I8 From this a 0,OlM solution is prepared by suitable 
dilution with f-OM nitric acid which has been previously boiled out to free it from any traces of 
nitrous acid. No standardisation of this reagent is required because it is added in excess to the 
manganeserr solution. 

Manganese’1 solution. An approximately 0.025M solution of manganeseI was prepared by 
dissolving analytical reagent grade manganese’1 sulphate (B.D.H. Ltd., England) in doubly distilled 
water and diluting to 1 litre. The solution was standardised potentiomet~~lly by the methods of 
Lingane and KarplusXg and Gopala Rao and Kanta Rao .%O 
as required. 

This standard solution is suitabIy diluted 

Nitric acid solution. An approximately 8M solution of nitric acid was prepared by twice diluting 
analytical reagent-grade nitric acid with doubly distilled water, was boiled out to drive off any oxides 
of nitrogen, and was stored in an amber coloured bottle protected from light, 

Silver nitrate solution. A 5 % solution of analytical reagent grade silver nitrate was used as catalyst. 
All other reagents employed in this investigation were of analytical reagent quality. 

Apparatus 
A Klett-Summerson photoelectric calorimeter with optically matched tubes was generally used 

for colour comparison, with a green filter transmitting at a wavelength of 525-540 rnp. A Hilger 
Uvispek spectrophotometer with l-cm cells was also used whenever necessary. 

1nzuence of time 
Five ml of 0*00151OM manganese” solution were taken in a 50-ml calibrated flask, acidified with 

sufficient 1: 1 nitric acid to eive an over-all acid ~n~ntration of l*OM when diluted to 50 ml. then 
treated with 10 ml of O~OlM~mmonium hexanitratocerate(IV) and the mixture diluted to the mark. It 
was immediately transferred to the calorimeter and the absorption of the solution measured against a 
blank of ammonium hexanitratocerate(IV) solution of equivalent concentration. The dial readings 
of the instrument noted at different times are recorded in Table I. In these experiments the molar 
ratio of manganeselr:ceriumlv was 1: 10. 

TABLE I 

Time, min 1 5 15 30 45 60 120 180 240 300 

Dial reading 
of calorimeter 26 61 101 142 161 169 179 187 194 194 

The results in Table I show that about 4 hr are required for complete oxidation of manganese” 
at room temperature. 

In@ence of temperature 
Somewhat similar experiments to those above, but carried out at the temperature of a boiling 

water bath yielded the observations recorded in Table II. 

TABLE II 

Time of heating, mfn 1 1 2 5 10 15 30 60 

Dial reading 
of calorimeter 45 61 108 122 149 193 194 

It is evident that the oxidation of manganese’1 is complete in about 30 min. 

h@enee of ceriwrP concentration 
Experiments made at room temperature by varying the ratio of manganese" :ceriumrv yielded the 

observations presented in Table III. In these experiments the concentration of manganeseI’ was 
maintained constant and that of the ceriumrv varied. It may be noted that 1 mole of manganese” 
requires 5 moles of ceriumrv for complete oxidation to manganesevrr, 
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TABLE III 

Time, 
min 

1 
2 
5 

15 
30 
60 

120 
240 
300 

Molar ratio of manganese” : ceriumtv 

1:5 1:lO I:15 1:20 1:40 

-___ 
14 
29 
43 
76 
94 

103 
147 
178 
182 

Dial reading of calorimeter 

26 38 65 76 
41 49 89 92 
61 71 114 118 

101 108 168 170 
142 159 192 193 
169 184 194 194 
179 194 194 194 
194 194 194 194 
194 194 194 194 

Manganese taken: 0.0075 mmole 

From Table III the rate of oxidation of manganese rr at room temperature can be increased by 
increasing the concentration of ceriumrv relative to that of manganese”. With a fairly large excess 
of ceriumrv (1:20) the time of reaction can be reduced to 1 hr. 

Influence of catalysts 

With a view to further reducing the time of reaction at room temperature the use of catalysts, 
such as cobaltrr, nickel”, osmiumvrrr and silver’ salts, was investigated. Of the substances tried, 
only silver’ nitrate markedly accelerated the reaction. 

Experiments were made to ascertain the optimum concentration of catalyst required for rapid 
oxidation of manganese” by ceriumrv in a nitric acid medium at room temperature. 

Five ml of 0~001510M manganese” solution were acidified with sulficient 1: 1 nitric acid to give 
an over-all acid concentration of l-O&f on dilution to 50 ml in a calibrated flask. The mixture was 
treated with varying volumes of 5 % silver nitrate solution followed by 10 ml of O*OlM ammonium 
hexanitratocerate(IV) solution, then diluted to 50 ml with doubly distilled water. It was immediately 
transferred to the calorimeter and the dial readings noted at varying intervals of time. In these 
experiments the molar ratio of manganese” to ceriumrv was 1: 10. 

TABLE IV 

Time, min 

5% AgNOS, 0.5 1 2 5 10 15 30 60 Remarks 
ml 

Dial reading of calorimeter 

- 16 26 
0.10 48 69 
0.20 63 94 
0.50 108 137 
1.0 158 187 
2.0 192 194 
5.0 192 194 
7.50 190 190 

10 149 149 

15 - - 

41 61 84 101 142 
94 126 157 186 194 

126 157 186 194 194 
157 192 194 194 194 
194 194 194 194 194 
194 194 194 194 194 
194 194 194 194 194 
192 192 192 192 192 

149 151 151 151 160 

169 
194 
194 
194 
194 
194 
194 
192 Brown precipitate* 

on standing 6 hr. 
168 Brown precipitate* 

on standing 3 hr. 
- Brown precipitate* 

immediately on 
mixing the solutions 

* MnOz 
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TABLE V 

Over-all 
HNOs 

M 

Time, min 

0.5 1 2 3 4 5 10 Remarks 

Dial reading of calorimeter 

0.25 
0.50 
1.0 
2.0 
3.0 

4.0 

5.0 

146 
174 
188 
192 
159 

108 

164 
188 
194 
194 
163 

126 

_- 

176 182 
192 194 
194 194 
194 194 
174 184 

128 134 

189 192 
194 194 
194 194 
194 194 
188 188 

138 142 

- - 

194 
194 
194 
194 
188 Development of colour 

very slow. 
154 No pink colour; on 

standing a 
colloidal brown 
precipitate formed. 

- On mixing the solu- 
tions a brown 
precipitate formed 
immediately. 

It is evident from Table IV that the reaction is complete in about 1 min when the silver catalyst 
concentration corresponds to 2.0 ml of 5 % silver nitrate solution/50 ml of reaction mixture. When 
the concentration increases beyond that corresponding to 10 ml, the reaction is definitely retarded. 
When the catalyst concentration corresponds to 15 ml a brown precipitate is formed immediately 
the solutions are mixed, leaving a clear yellow supernate. 

Infuence of nitric acid concentration on silver catalysed reaction 

To ascertain the optimum concentration of nitric acid required for this reaction the following 
experiments were carried out. Five ml of 00X510Mmanganese 11 solution were treated with sufficient 
1: 3 nitric acid to reach different over-all acidities, followed by 2 ml of 5 % silver nitrate solution 
and 10.0 ml of O.OlM ammonium hexanitratocerate(IV) solution, then the mixtures diluted to 50 ml 
in calibrated flasks. The various solutions were measured in the calorimeter at different intervals 
of time. Allowance was made for the nitric acid introduced through the hexanitratocerate(IV) 
solution. 

In view of the observations in Table V it was decided to maintain the concentration of nitric acid 
between O-5 and 2.OM in subsequent experiments. If the concentration exceeds 2,OM, the reaction 
may be retarded and manganese dioxide may be precipitated. 

InJuence of ceriumIV concentration on silver catalysed reaction 

Five ml of 0~001510Mmanganese11 solution were acidified with sufficient 1: 1 nitric acid to give an 
over-all acidity of l.OM when diluted to 50 ml in a calibrated flask, then 2 ml of 5 ‘A silver nitrate 

TABLE VI 

Time, min 

ManganeseI : ceriumIv 1 2 

Dial reading of calorimeter 

I:5 140 & 

I:10 194 194 
1:15 193 194 
1:20 194 193 

a Because added hexanitratocerate(IV) solution is in in- 
sufficient excess, a colloidal brown precipitate of manganese 
dioxide was obtained. 
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solution and sufficient 002M ammonium hexanitratocerate(IV) solution to give the desired molar 
ratio of reactants added. The final volume was made to 50 ml with doubly distilled water, and the 
developed color measured in the calorimeter. 

From the observations in Table VI it is evident that, under the conditions employed, the reaction 
is complete in 1 min when the ratio of manganeselx:ceriumlv is 1: 10. 

Stoichiometry of reaction 

In all procedures previously prescribed for the calorimetric determination of manganeseI based 
on oxidation with lead dioxide, sodium bismuthate, potassium persulphate or potassium periodate, 
it appears to be tacitly assumed that the product is permanganic acid, without any precise data 
regarding the stoi~hiomet~ of the reaction being provided. In the present case proof is provided as 
follows. Five ml of OQO1510M manganese fr solution were oxidised with excess ammonium hexani- 
tratocerat.e(IV) under the conditions prescribed in the recommended procedure, then diluted to 50 ml. 
The solution contains nitric acid at l.OM concentration. The developed colour of the solution was 
measured in the calorimeter against a blank of ceriumIv solution of equivalent concentration, 
the dial reading of the instrument being 194. A carefully standardised solution of analytical reagent 
grade potassium permanganate (B.D.H. Ltd., England) was suitably diluted to give a 0~00151OM 
solution of the salt in 1.0&f nitric acid. This solution gave a dial reading of 193 in the calorimeter. 
Furthermore, the absorption spectrum of a similarly prepared experimental solution (containing 
O-OOOZM manganese’? and that of 0+002A4 permanganate were determined in l*OM nitric acid 
using a Hilger Uvispek spectrophotometer and l-cm cells in the region 480-760 rnp. The absorption 
of the experimental solution was measured against a blank of cerium’v solution of equivalent con- 
centration. The two absorption curves very nearly overlap (Fig. 1). The molecular extinction 
coefficient of the experimental solution is 2.30 x IO9 and that of the potassium permanganate 
2.275 x 103, an agreement within 1-l %, which must be considered sufficiently good considering the 
extreme dilution at which the absorption measurements are made. 

The data presented is sufficient to show that : 
(1) The product of the oxidation of manganese 11 by ammonium hexanitratocerate(IV) in a nitric 
acid medium is permanganic acid. 
(2) The manganese” is stoichiometrically converted into permanganic acid. 

StabiIity of permanganic acid formed 

The constancy of the optical absorption of the experimental solution over a period of at least 
24 hr shows that the permanganic acid is very stable. Hence the new method can be considered well 
suited to routine work under ordinary laboratory conditions. 

Limits of applicability 

Working with solutions of different concentrations of manganese” it has been observed (Fig. 2) 
that Beer’s Law is applicable for experimental solutions containing O-0332-1.9932 mg/lOO ml. 

recommended procedure 

A volume of 5-10 ml of test solution, containing about 0.033 to 2 mg of manganeseIr/lOO ml, is 
treated with sufficient 1: 1 analytical reagent grade nitric acid to give an over-all acid concentration 
of 0.5-2.OM on dilution to 5’0 ml, followed by the addition of 2 ml of 5 % silver nitrate solution and 
an approximately ten-fold molar excess of hexanitratocerate(IV) solution. The total volume is then 
made to 50 ml in a calibrated flask. After allowing to stand for 2 min, the developed colour is measured 
in a Klett-Summerson photoelectric calorimeter, using a green filter transmitting in the wavelength 
region 52.5-540 my, against a blank solution containing an equivalent amount of cerium’v solution 
to that used in the test sample. 

Typical results of such determinations are presented in Table VII, The amount of manganese” 
present in each sample is deduced from a calibration curve (Fig. 2), or alternatively the manganese 
content can be deduced by comparing the colour of the test solution against that of a standard 
permanganate solution of about the same strength in l.OM nitric acid. 

INTERFERENCES 

Nitrate (as sodium or ammonium salt) does not interfere even when present up to 720 mg/SO ml. 
Similarly, perchlorate and borate (as their sodium salts) do not interfere even at a concentration of 
150 mg/50 ml. Traces of chloride, bromide and iodide inhibit the reaction. However, the inter- 
ference of these ions can be eliminated by precipitating them with silver nitrate and filtration before 
the oxidation with cerium’v solution. Our results show that the interference of up to at least 21.6 mg 
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TABLE VII 

Manganese” taken, 

W 

0.04957 
0.07128 
0.09914 
0.1496 
0.2478 
0.3892 
0.4698 
0.9912 

Manganese? found, 

mg 
- 

0.04977 
0.07099 
0.09896 
0.1510 
0.2501 
0.3932 
0.4704 
0.9936 

0 41 

0 4; 

0 36 

0 34 

0.3c 

~ 026 
c 
2 

% 
0 022 

.g 

0” 

0 16 

0 14 

0.10 

0 06 

0.02 

j- 

1 520 560 600 640 660 

Wavelengfh, mp 

720 760 

FIG. 1 .-Absorption spectra of manganesev” in l*OM nitric acid: 
A--_8 00002M manganesevrl from potassium permanganate, 
o---o 0+002M manganesevlr after oxidation of manganeseI’ with 

hexanitratocerate(IV)). 
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of chloride ion/SO ml can be eliminated in this way. Similar experiments have shown that the inter- 
ference of up to at least 16 mg of bromide and 254 mg of iodide can be eliminated satisfactorily. 
Sulphate ion does not interfere when present below 2 mg/SO ml. The interference of larger amounts 
can be eliminated by initially treating the hot test solution with barium nitrate and filtering off 
the precipitated barium sulphate. In this way the interference of sulphate even up to a eoncen- 
tration of 38.4 mg/50 ml can be overcome. 

0 4 8 12 I6 20 24 28 32 36 40 

Manganese II solution, mL 

FIG. 2.-Beer’s law curve for determination of manganese” with hexanitratocerate(IV) 
(6.04 x 10-4M manganeserr sulphate solution). 

Previously published calorimetric procedures for manganese also suffer interference 
from chloride. In the bismuthate method the sample is usually evaporated with 
nitric and sulphuric acids to remove chlorides. In the persulphate method chloride 
is removed by adding an excess of silver nitrate. Concerning the interference of 
chloride in the periodate method, the statement of Willard, as quoted by Yoe,2f is 
interesting : “It has been stated in various references to this method that the presence 
of chloride would not interfere. This is true only to a limited extent and only when 
the operator has taken care to add sufficient periodate to oxidise all the chloride. It 
is preferable to remove chloride by evaporation with nitric or sulphuric acid.” 
Thomson and Wilson,22 who applied the periodate method to the determination of 
manganese in sea water, removed the chloride by treating the evaporation residue 
with concentrated sulphuric acid, heating to expel the acid and fuming the salts. 

The interference of sulphate constitutes a drawback for the new method as com- 
pared with the persulphate and periodate procedures. According to Yoe23 the 
bismuthate method is satisfactory only when most of the sulphuric acid has been 
driven off. He states that this is necessary for the reason that the shade of the per- 
manganate is not the same in sulphuric and nitric solutions. 

NickeltI, ironI”, copper”, calcium”, barium” and molybdenumvr do not interfere even when 
present up to 40 mg/SO ml. Cobalt”, when compensated for its own colour, does not interfere even 
up to 100 mg/50 ml. Tungsten v1 interferes because of precipitation of tungstic acid in the mineral 
acid medium. The interference from chromium rrr has been mentioned above (chromiumllr also 
interferes in the periodate and persulphate methods). 
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Application of New Method to Determination qf Manganese in Steel 

About 1 g of silica-manganese spring steel (supplied by Messrs Globe Steels, Bombay, India) 
was treated with 60 ml of 1:l nitric acid in a 600-ml Pyrex beaker, then heated on a hot-plate for 
40-50 min, by which time all volatile and carbonaceous matter was completely decomposed. The 
resulting yellow solution contained a spongy brown mass (colloidal silicic acid with adsorbed ironrrr) 
in suspension which was filtered off, after dilution to about 200 ml, through a Whatman No. 42 
filter paper, the filtrate being collected in a 500-ml calibrated flask. The residue on the filter paper, 
after being washed twice with distilled water, was transferred along with the filter paper to a silica 
crucible and incinerated to a brown mass. After cooling to room temperature, it was leached with 
a few drops of 1: 1 nitric acid and a few drops of hydrofluoric acid, and the extract transferred to a 
platinum dish and evaporated to dryness. The resulting mass, after twice evaporating with a mixture 
of 2 ml of 1: 1 nitric acid and 2 ml of hydrofluoric acid, readily dissolved in dilute nitric acid. The 
solution obtained was transferred to the calibrated flask containing the main bulk of the solution 
and diluted to the mark. Three different aliquots of this solution (5, 10 and 15 ml) treated according 
to the new procedure gave the manganese present in the sample as 1.128, 1.127 and 1.130x, respec- 
tively, as against a value of 1.150 % by the potentiometric procedure of Lingane and Karplus.18 The 
agreement between the two methods is considered satisfactory. 

Acknowledgement-One of us (P. V. K. R.) desires to thank the Council of Scientific and Industrial 
Research (India) for the award of a Junior Research Fellowship. 

Zusammenfassung-Es wurde beobachtet, dal3 Mangan(I1) durch einen 
schwachen UberschuD von Ammoniumhexanitratocerat(IV) in O.S-2m 
HNOs bei Zimmertemperatur zu Permangansaure oxydiert wird. 
Die Reaktion wird durch Silbernitrat merklich katalysiert, sod& die 
quantitative Oxydation von Mangan(I1) in einer Minute beendet ist. 
Es wurde eine Arbeitsvorschrift entwickelt, die die katalysierte Reak- 
tion zur kolorimetrischen Bestimmung von Mangan zwischen 0.33 und 
19.93 mg/l zu verwenden gestattet. Die neue Methode hat vor den 
derzeit verftigbaren den Vorteil, da13 die Oxydation von Mangan(I1) 
bei Zimmertemperatur stiichiometrisch zu Ende geht. Unter den 
vorgeschriebenen Bedingungen ist die gebildete Permanganslure 
mindestens 24 Stunden -be&dig. Die &rung durch Suyfat und 
Halosenide (Chlorid. Bromid und Jodid) kann durch Behandluna der 
Probevlosung‘ mit Bariumnitrat beziehungsweise Sibbernitrat vor” der 
Oxydation mit Cer(IV)-Losung eliminiert werden. Die Anwendung 
der Methode auf die Manganbestimmung in Stahl wird erortert. 

R&sum&-On a observe que le manganese(I1) est oxyde en acide per- 
manganique par traitement avec un Ieger exces d’hexanitratoc&ate(IV) 
d’ammonium en milieu acide nitrique 0,5 a 2M a temperature ambiante. 
La reaction est nettement cataly& par le nitrate d’argent, de sorte 
que l’oxydation quantitative du manganbse(I1) est complete en une 
minute. On a Btabli les conditions d’emploi de la reaction catalysb 
pour le dosage colorimetrique du manganese entre 0.33 et 19.93 mg 
par litre. Par rapport aux methodes couramment disponsibles, cette 
mtthode est avantageuse par le fait que l’oxydation du manganese(I1) 
est effect& 51 temperature ambiante, de facon stoechiometrique. 
Dans les conditions prescrites, l’acide permanganique forme est stable 
24 hau moirs. L’interference des sulfates et des halogenures (chlorure, 
bromure et iodure) peut etre eliminee en traitant la solution essai au 
nitrate de baryum*ou au nitrate d’argent, respectivement, avant 
oxydation par la solution de ctrium(IV). On considere aussi l’appli- 
cation de la methode au dosage du manganese dans l’acier. 

REFERENCES 
1 W. Crum, Ann., 1845,55,219. 
2 P. Pichard, Compt. rend., 1872, 75, 1821; also see Dingier’s Polytech. J., 1873, 207, 136. 
3 
4 

J. Reddrop and H. Ramage, J. Chem. Sot., 1895, 67, 268. 
L. Dufty, Chem. News, 1901,84,248. 

5 Hugh Marshall, ibid., 1901, 83, 76. 
B G. Von Knorre, Z. angew. Chem., 1901,14, 1149. 



Determination of Manganese11 965 

’ H. E. Walters, Chem. News, 1901, 84, 239. 
* R. 0. Gortner and C. 0. Rost, J. Znd. Eng. Chem., 1912, 4, 522. 
n Applebaum, Chem. Analyst, 1913,17,222. 

lo H. H. Willard and L. Greathouse, J. Amer. Chem. Sot., 1917, 39, 2366. 
I1 F. Koroleff, Actn Chem. Stand., 1947, 1, 503. 
I8 M. B. Richards, Analyst, 1930, 55, 554. 
I8 D. Williams and R. V. Andes, Znd. Enf. Chem., An&., 1945, 17, 28. 
l* F. Nydahl, Anulyt. Chim. Actu, 1949,?$ 144. . 
I6 J. D. H. Strickland and G. Snicer. ibid., 1949. 3, 517. 
I6 E. S. Tomula and V. Aho, Ani. A&d. SC;. Fenkcae, 1939, A52, No. 4; i&m., ibid., 1940, ASS, No. 1. 
I7 W. C. Purdy and D. N. Hume, Anulyt. Chem., 1955,27,256. 
I8 P. V. Krishna Rao, K. S. Murty and G. Gopala Rao, Tuluntu, 1962,9, 835. 
I9 J. J. Lingane and R. Karplus, Znd. Erg. Chem., Anufyt., 1946, 18, 191. 
2o G. Gopala Rao and P. Kanta Rao, Tuluntu, 1963, 10, 1251. 
21 John H. Yoe, Photometric Chemical Analysis, Vol. Z, Calorimetry. John Wiley and Sons, Inc., 

New York, 1928, p. 279. 
22 T. G. Thompson and T. L. Wilson, J. Amer. Chem. Sot., 1935,57,233. 
23 Reference 21, p. 280. 



Talattta. 1964. Vol. 11. pp. 967 to 972. Pergamon Press Ltd. Printed in Northern Ireland 

POLAROGRAPHIC DETERMINATION OF DISSOLVED 
OXYGEN IN PETROL 

G. L. WOODROFFE 
Research Department, Imperial Chemical Industries Ltd., Heavy Organic Chemicals 

Division, Organic House, Billingham, Co. Durham, England 

(Received 24 February 1964. Accepted 5 April 1964) 

Summary--A method is described for the determination of dissolved 
oxygen in petrol using a cathode ray polarograph. Oxygen produces 
two waves, with reduction potentials at -0.67 V and - 1.25 V against 
a mercury pool anode, when an ethanolic solution of lithium chloride 
is used as supporting electrolyte. Calibrations are carried out using 
water of known oxygen content for the preparation of standards and 
the wave at -0.67 V is preferred for quantitative measurement. 

INTRODUCTION 

THE determination of oxygen in hydrocarbons has been carried out in these labo- 
ratories by a chemical procedure based upon that of McArthur,l who developed an 
analytical method for determination of the oxygen content of various plant gases. 
As applied to hydrocarbons, this method depends upon the removal of oxygen in a 
stream of oxygen-free nitrogen and its absorption into a O*OlN solution of chromiumI 
chloride. The excess chromiumI’ chloride is subsequently determined by titration 
with ceriumIV sulphate using ferro’in as indicator. 

Polarography has been used for the determination of oxygen in a number of 
materials and it appeared an attractive alternative, having the virtues of speed and 
specificity. 

It is well established that dissolved oxygen is reduced at the dropping mercury 
electrode to produce two waves. 2 The first wave results from reduction to hydrogen 
peroxide : 

0, + 2H+ + 2e + H,O, (acid medium) 

0, + 2H,O + 2e -+ H,Oz + 20H- (neutral or alkaline medium). 

The second wave corresponds to the reduction of the hydrogen peroxide either to 
water or hydroxyl ion, depending on the pH: 

H,O, + 2H+ + 2e + 2H,O (acid medium) 

H,OB + 2e + 20H- (alkaline medium). 

The diffusion currents are normally well-defined and show a linear dependence 
on oxygen concentration. However, three main difficulties are encountered in the 
application of polarography to the determination in petrol: the limited solubility of 
petrol in aqueous or semi-aqueous electrolyte systems, the exclusion of atmospheric 
oxygen in handling samples and the accurate calibration of the instrument. The first 
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difficulty was resolved by adopting a supporting electrolyte of lithium chloride in 
absolute alcohol and the second by the design of a special cell. Two ways of cali- 
brating the polarograph were investigated : by using water of known dissolved oxygen 
content directly as a calibration standard, and by using air-saturated alcoholic electro- 
lyte as a secondary standard, the dissolved oxygen content being determined polaro- 
graphically using water as a primary standard. 

EXPERIMENTAL 

A O.lM ethanolic solution of lithium chloride proved a suitable supporting electrolyte and gave 
reduction waves from dissolved oxygen at -0.67 V and - 1.25 V. 

In early experiments calibrations were achieved by determining the dissolved oxygen content of 
the supporting electrolyte and using this as a secondary standard. However, the calibration procedure 
given below was preferred because, under the conditions given, petrol, electrolyte and water formed a 
completely homogeneous system. 

Polarograph. A Southern Analytical Differential Cathode Ray Polarograph was used, but any 
conventional polarograph of adequate sensitivity would be suitable. 

Sampling tube. A sampling tube connected to the polarographic cell is shown in Fig. 1. It com- 
prises a tube of about 5-ml capacity with two 3-way taps C and D, but so arranged that the sample is 
delivered via tap C to the polarographic cell. 
it with water and weighing. 

The volume of the sample tube is determined by filling 

Polarographic cell. This is also illustrated in Fig. 1. A specially designed cell is so arranged that 
the dropping electrode, sample inlet tube and stirrer emerge through a tight-fitting bung into the cell. 
It contains two taps A and B, A being a 3-way tap, the inlet of which is connected to an argon supply 
and arranged so that the electrolyte can be degassed. Tap A can also be fitted to tap D of the sample 
tube and argon used to gently transfer the petrol through taps C and B into the cell, the latter being 
connected by means of polyvinylchloride tubing. A side arm is also provided for the anode connection, 
thus preventing any fouling by the stirrer. 

Reagents 

O.lM Lithium chloride. Prepare a O*lM ethanolic solution of lithium chloride by dissolving 
4.24 g of lithium chloride in absolute alcohol and diluting to 1 litre with this solvent. 

Air-saturated water of known oxygen content. For most purposes a published value can be assumed 
for the oxygen content,s but for more accurate work the dissolved oxygen should be determined by 
the Winkler method.& Air-saturated water may be prepared by shaking a partially filled flask of 
water for several minutes, recording the temperature at which this is done. 

Argon (oxygen-free). High quality nitrogen may be used as an alternative. 

Procedure 

Calibration ofpoZarograph. Add 35 ml of O.lMlithium chloride and 5 ml of petrol to the polaro- 
graphic cell, which contains a mercury pool as anode. Fit the bung to the cell, close tap B and degas 
the solution by turning tap A and bubbling argon through the electrolyte for 5-10 min. Close tap A. 
Set the start potential at -0.2 V and measure the wave height of any remaining oxygen at -0.67 V 
(this should be very small; if not, continue degassing). Record this reading. Introduce 5 ml of air- 
saturated distilled water at a known temperature by means of a microburette through tap B and stir 
rapidly by switching on the electric motor after closing tap B. When a homogeneous solution is 
obtained, with start potential at -0.2 V, measure the height of the oxygen wave at -0.67 V. Record 
this reading and empty the cell. 

Now take 35 ml of O*lM lithium chloride, 5 ml of petrol and 1 ml of water into the polarographic 
cell and degas with argon via tap A for 5-10 min. Close tap A and measure the wave height of any 
residual oxygen. Introduce 4 ml of air-saturated water by means of a microburette through tap B, 
stir and record the wave height of the resulting polarogram. 

Repeat this procedure wiih 35 ml of O.lMl&um crhloride/5 ml of petrol/2 ml of water, 35 ml of 
O.lM lithium chloride/5 ml of petrol/3 ml of water and 35 ml of O.lM lithium chloride/5 ml of 
petrol/4 ml of water, degas, the& add’ 3,2 and 1 ml of water, respectively. Convert ml of water to 
mg of oxygen from the tables relating temperature of water to dissolved oxygen content3 and con- 
struct a graph relating peak height to concentration of oxygen. 
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Determination of dissolved oxygen in petrol. Connect the sample tube to sample point with 
polyvinylchloride tubing (Notes 1 and 2) and purge well with petrol. Close taps C and D so that the 
tube is completely filled with petrol. 

Add 35 ml of ~l~~thiurn chloride solution to the polaro~aphjc cell and 5 ml of water. Connect 
the rubber bung to the cell and close tap B. Degas the system by bubbling argon via tap A into the 

STIRRER 

CONNECTION To 

MERCURY POOL 
ANODE. 

INGT ARGON 

SUPPLY VIA 

MERCURY LUTE. 

MERCURY POOL 
ANOOE. 

Fig. 1 

solution for 5-10 min. 
solution. 

Close tap A and with start potential at -0.2 V record the polarogram of the 
If a wave appears, continue degassing, then repeat the voltage sweep until no oxygen wave 

or only a small ‘blank’ is recorded. 
Connect the sample tube to the cell with polyvinylchloride tubing between taps B and C and 

between taps A and D as shown in Fig. 1. Turn tap A so that argon purges through tap D for about 
1 mm, then close tap D and open taps B and C and purge with argon for the same period. Close 
taps B and C. Close tap A to the cell and turn it to the polyvinylchloride connection between A and 
D, opening taps D and C in that order and then tap B in such a manner that the sample is very 
slowly added to the cell. Close tap B after the addition of sample. 

Record the polarogram from a start potential of -0.2 V at a sensitivity to give a maximum wave 
height. Measure the wave height of the oxygen wave and read the mg of oxygen to which this is 
equivalent from the calibration graph. 

6 
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Notes 

1. Avoid the use of rubber tubing and silicone tap grease because this interferes with the polaro- 
graphic determination. 

2. The amount of polyvinylchloride tubing should be kept to a minimum because it is porous to 
oxygen. 

Calculation 

Let a be the mg of oxygen from the graph and v be the volume of sample. Hence 

a X 10s 
(ppm w/4 = v . 

RESULTS AND DISCUSSION 

In all experiments the total volume and electrolyte/petrol/water ratios were main- 
tained the same, thus providing identical backgrounds for the evaluation of the 
oxygen wave heights. The quantitative nature of the two oxygen waves at -0.67 V 
and - 1.25 V was demonstrated by polarographing varying amounts of a sample of 
air-saturated petrol in a water and alcoholic solution of O*lM lithium chloride, but 
maintaining the total volume and ratio of water/petrol and electrolyte the same. 
The linear variation of peak height with concentration is shown in Table I. 

TABLE I.-MEASUREMENT OF O~GEN WAVE AT -0.67 V AND -1.25 V 

Air-saturated 
petrol, ml 

Peak height at Peak height at 
-0.67 V converted - 1.25 V converted 
to the same scale to the same scale 

factor factor 

5 186 156 
3 112 96 
1 35 33 

It was found preferabIe, however, to use the oxygen wave at -0.67 V because 
polarographic determination in this electrolyte/petrol media caused serious streaming 
of the dropping mercury electrode at the higher potential. 

An important feature of the polarographic method is the fact that by degassing 
the sample cell with argon or nitrogen, all of the dissolved oxygen is completely 
removed. Thus, any doubts that it is the oxygen wave being measured can be con- 
firmed by the simple technique of degassing, when this wave will disappear. Using 
this technique, the calibration was easily checked by preparing standard solutions of 
oxygen from air-saturated water and degassed petrol and the recoveries obtained are 
shown in Table II. 

TABLE II.-RECOVERIES OF OXYGEN ON STANDARD SOLUTIONS 

Oxygen added, ppm Oxygen found, ppm 

44 43 
26 25 
26 26 

9 10 
9 7 

The determination on samples taken in duplicate shows the polarographic method 
to be highly reproducible, a number of petrol samples being analysed which were 
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shown to have dissolved oxygen contents between < 1 ppm and 30 ppm. The fact 
that figures of <l ppm could be recorded also contied that the special sampling 
and cell arrangement precluded absorption from atmospheric oxygen. The results 
on duplicate samples are given in Table III. 

TABLE III.-DUPLICATE DE TERMINATIONS OF DISSOLVED OXYGEN (ppm) IN 
SAMPLES OF PETROL 

Detm. Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6 Sample 7 Sample 8 
- 

1 0.8 1.3 1.6 10 14 21 23 30 
2 0.8 1.4 1.8 11 16 21 25 33 

Finally, by the analysis of identical samples of petrol, a comparison of the polaro- 
graphicandchemicall methods was made. In the latter the petrol was degassed in a stream 
of oxygen-free nitrogen and the oxygen absorbed in an acid solution of 0.01 N chrom- 
iumlI chloride. The change in chromiumI ion concentration was then related to the 
amount of oxygen which the sample contained. The excess chromiumI ion was 
determined by adding the solution under test to ironlI1 alum solution and the equi- 
valent ironI ion produced titrated with a standard solution of ceriumIV sulphate 
using ferroln as indicator. Comparison of the two techniques is shown by the results 
in Table IV. 

TABLE IV.-COMPARISON OF RESULTS FOR DISSOLVED OXYGEN BY POLAROGRAPHIC 

AND CHEMICAL TECHNIQUES 

By polarography, ppm By chemical method, ppm 

0.8 <1 
4.5 40 
3 2.5 
6 9 

15 13 
10 7 
15 10 
36 32 

These results show reasonable agreement, but the speed with which determinations 
can be completed by polarography compared with the chemical method and the high 
reproducibility on duplicate samples makes this the more attractive method for the 
determination of dissolved oxygen in petrol. 

Acknowledgements-The author wishes to thank Mr. G. E. Penketh for his helpful advice and Mr. 
B. Chapman for his suggestions and valuable assistance with the experimental work. 

Zusammenfassung-Eine Methode zur Bestimmung von gel&tern 
Saurestoff in Petroleum mit Hilfe eines Kathodenstrahlpolarographen 
wird beschrieben. Sauerstoff gibt zwei Stufen mit Reduktionspot- 
entialen bei -0,67 V und --I,25 V gegen das Bodenquecksilber als 
Anode, wenn als Tr&gerelekrolyte eine lthanolische Lithiumchlorid- 
lijsung benutz wird. Geeicht wird mit Wasser bekannten Sauerstoff- 
gehalts zur Herstellung von StandardlBsungen; die Stufe bei -0,67 V 
wird zur quantitativen Messung vorgezogen. 
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Resume-On d&it une methode de dosage de l’oxygene dissous dam 
l’essence, au moyen d’un polarographe oscillographique. L‘oxygene 
produit deux vagurs, aver des potentiels de reduction a -0,67 V et 
-1,25 V, par rapport a une anode a masse de mercure, lorsque 
l’&ctrolyte support est une solution ethanolique de chlorure de 
lithium. Les etalonnages sont effectues en utilisant de l’eau a teneur 
en oxygene comme pour la preparation des Btalons et, pour les mesures 
quantitatives, on prefere la vague a -0,67 V. 
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SHORT COMMUNICATIONS 

New ideas on the reaction m~ha~srn of deter~nations 
based on decolorisatioo 

(Received 1 November 1962. Revised 2 April 1964. Accepted 4 April 1964) 

PHOTOMETIUC determinations of fluoride are mostly based on decolorisation, i.e., decrease in 
colour intensity of a metal-dye (MD) chelate and increase in that of the free dye. A& decolorisation 
determ~ations of fluoride have, therefore, been interpreted as being indirect methods, based on a 
substitution mechanism, which can be formulated as 

M =D(m-d)+ + nF- + hJ+f+ + + MF;m-nl+ + HhD(d-hl- (1) 

where Mm+ is a metal ion, Da- and HhD(d-hl- are different protonation forma of a dye, = represents 
the chelate ring responsible for the colour of the metal-dye chelate, and h 5 0. 

Probably the first direct colour ~colorisation~ reaction of fluoride was described by Feigl and 
Rajmann, 0 but today this reaction is forgotten because of its small practical use. A directUdeter- 
mination of fluoride which has received wide attention, is that of E&her and coworker&Q a vellow 
solution of alizarin complexan gives rise to a red chelate with ceriumIIr, and this in turns’yields 
a blue ternary complex with fluoride. When the fluoride concentration increases, the solution 
becomes yellow because of the rupture of all of the MD bonds accordine to eauation Cl). Belcher 
and cow&kers’ interpretation of* the blue colour may be generahsed ‘?s follows. The strongly 
electronegative fluoride ion, after reacting with a metal-dye chelate derived from the dye DOHa- 
(which even after reacting with the metal still has a free hydroxyl group) 

M=DOH(m-a)+ + nP- + F&=DOH[U+d-nI+ (2) 

labilises the hydrogen in the free hydroxyl group of the dye: 

F&=DOH’m-d-n)+ --f P,&f=DO’m-d-n-U+ + H+ (3) 

This reaction is accompanied by a change of colour, which clearly indicates the formation of a 
ternary complex. 

For reaction (3) to occur, at least two conditions must be fuElled: (i) The dye, after having 
reacted with the metal, must have at least one hydroxyl (phenolic) group conjugate with the 
resonance system of the dye. (ii) The pH at which reaction (2) takes place must be such that (a) the 
dissociation of the free hydroxyl group does not take place spontaneously, and (b) the dissociation of 
the free hydroxyl group which is labilised by the reaction between the metal-dye chelate and fluoride 
must not be supressed. Alizarin complexan forms coloured binary chelates with a number of 
metals. Binary complexes fu~lting these conditions, which are easily identified by colour changes, 
are formed with cerium*I1, lanthanum and praseodymium. Ternary complexes with other metals 
probably formed at a pH other than that required by condition (ii), are not easily identified. 

Dyes which have one or two dicarboxymethylaminomethyl groups but no free hydroxyl group, 

as does ahzarm complexan, can react analogously to reaction (2) in the following manner 

M=Dlm-d)+ + nF- -, F&f=D(m-d-n)+ 
(23 

Such dyes as Semixylenol.Orange and Xylenol Orange (SXO, X0) have no supe~uous hydroxyl 
group and therefore reaction (3), with the accompanying colour change indicating the formation 
of a ternary complex, cannot take place. 

By generalisation of the interpretation of Belcher and coworkers, the existence of FDM com- 
plexes with the same colour as the binary metal chelate may be assumed. From the work of Piibil 
and Kopanica’ ternary complexes having the same colour as the free dye is possible. They found 

973 
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that slight acidification caused the violet complex of coppeP with Xylenol Orange to turn yellow. 
Because copper” ions could not be detected (polarographically) in this solution, the colour change 
could not be explained in terms of the replacement of copper” in the copper-Xylenol Orange chelate 
by hydrogen ion. Even in this more acidic solution copper’1 must still be bound by the dicarboxy- 
methylaminomethyl group of Xylenol Orange. The existence of a “decolorised” binary complex 
that originated in accordance with the reaction 

M_D’m-d,+ + Hf + M_HD’rn-d+l,+ (4) 

has to be anticipated, by analogy with copper-Xylenol Orange. Of course, one cannot easily prove 
(polarographically) that zirconium has not been replaced by hydrogen ion. 

The nresent author has shown that six coloured MD chelates which he studied, are decolorised 
by fluo;de (and sulphate) only by a higher acidity than that pH at which these.chelates mostly 
originate. This means that fluoride “decolorises” the system MD until the conditions are reached 
when the chelate is decolorised under the influence of hydrogen ions. 

Fluoride that has reacted with a binary chelate in accordance with reaction (2) or (2’), labilises, 
of course, not only the hydrogen bound in the “remote” phenolic group but also, and preferentially, 
that in the “nearer” bonds between M and D. In the case when fluoride reacts with zirconium- 
Xylenol Orange under such acidity conditions that reaction (4) has already partially taken place, 
labilisation of the bond between the metal and the functional group of the resonance system of 
the dye (which is much weaker than the bond between the metal and the strongly complexing 
dicarboxymethylaminomethyl group) makes possible the reaction 

&M=D’m-d-“‘+ + H+ + FnM_HD’m-“-“+“+ (4’) 

by which (already when n = 1) the “decolorised” ternary complex originates more easily than the 
analogous “decolorised” binary system in accordance with reaction (4). If the concentration of 
fluoride increases considerably, so many fluoride ions react with the metal that all of the metal-dye 
bonds are broken, i.e., reaction (4’) passes over to reaction (1). Reaction (l), which corresponds 
to the existing ideas about the mechanism of decolorisation determinations of fluoride, appears as 
one limiting case of reactions that are probably best considered from the new point of view. 

All that has been said about decolorisation methods for fluoride also applies analogously to 
decolorisation determinations of (or interferences from) sulphate and other anions. As long as 
individual decolorisation determinations are not conclusively proved experimentally to be methods 
with an indirect mechanism of the type of reaction (l), the possibility that the cause of decolorisation 
is really colorisation of a ternary complex of the same basic colour as the free dye cannot be excluded. 

The only experimental data quoted here in support of the new conception of decolorisation 
reaction mechanisms is as follows. After having added a sufficient quantity of fluoride to the red 
solution of zirconium-Xylenol Orange, one obtains a yellow solution whose spectrum agrees 
qualitatively with that of a solution of the same amount of dye, though quantitatively it is less 
intense. Only after the addition of even higher amounts of fluoride do the spectra of the two solutions 
become identical from the quantitative point of view. It is, therefore, necessary to assume that before 
the limiting reaction (l)-connected with the identification of both spectra-occurs, a ternary 
complex is present in accordance with reaction (4’), and its colour intensity is (always slightly) 
lower than that of the free dye. If fluoride is added to a solution of zirconium-Xylenol Orange 
(or better if Semixylenol Orange is used), a polarographic curve is obtained which is intermediate 
between the curve of the free dye and the curve of the binary chelate (i.e., after the addition of fluoride 
the curve with mile of the free dye does not appear). 

The interference from sulphate, etc., in the determination of fluoride with zirconium-Xylenol 
Orange in hydrochloric acid solution is less than in perchloric acid solution. The “protective” 
influence of chloride and other facts may best be explained by means of “undecolorised” ternary 
complexes of the type ClZrXO. By “decolorising” these complexes a quatemary complex of the 
type F(Cl)ZrXO presumably originates. 

Other aspects of the author’s ideas have already been reported,6 and experimental data will be 
published elsewhere.’ 

Central Geological Survey ROMANVALACH 

Prague, Czechoslovakia 

Snnnnary-The existence of fluoride-metal-dye (FDM) ternary com- 
plexes which have a different colour from that of the MD chelate and 
of the free dye, as well as the existence of MD binary chelates with 
the same colour as the free dye, is known. By analogy, the existence 
of FDM ternary complexes with the same colour as MD or as D 
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may be assumed. Such ternary complexes may be formed in some 
determinations based on “decolorisation”, so that these determinations 
should not generally be considered as indirect methods. 

Zusammenfass~-Tern&e Fluorid-Metall-Farbstoff-(FMD)-Komp- 
lex mit von deer des Metall-Farbstoff-(MD)-Chelats und des freien 
Farbstoffs verschiedener Farbe sind bekannt, desgleichen bin&.re 
Chelate MD mit derselben Farbe wie der freie Farbst&. Analog kan 
die Existenz von tern&en FDM-Komulexen mit derselben Farbe wie 
MD oder D angenommen werden. SoLhe tern&en Komplexe Kiinnen 
bei einigen auf “Entfarbung” beruhenden Bestimmungen gebildet 
werden; daher sind diese Bestimmungen nicht allgemein als indirekte 
Methoden zu betrachten. 

R&nrn&On connait l’existence de complexes temaires fluorure- 
metal-colorant (FDM) dont la couleur differe de celle du chelate 
metal-colorant (MD) et de delle du colorant libre (D), ainsi que 
l’existence de chelates binaires metal-colorant (MD) de meme couleur 
que le colorant libre. Par analogie, on peut supposer l’existence de 
complexes temaires FDM de meme couleur que MD ou D. De tels 
complexes temaires peurvent se former lors de quelques dosages bases 
sur la “d&coloration” de sorte que ses dosages ne devraient pas en 
general Ctre considered’ comme des methodes indirectes. 

REFERENCES 

i F. Feigl and E. Rajmann, Mikrochemie, 1932, 12, 133. 
2 H. F. Liddel, Analyst, 1953, 78,494. 
3 R. Belcher, M. A. Leonard and T. S. West, Talanta, 1959, 2.92. 
il R. Belcher and T. S. West, ibid., 1961, 8, 853. 
6 R. Piibil and M. Kopanica, private communication. 
a R. Valach, 19th Wholestate Chemical Congress, Brno, 1962. 
7 Zdem, 2. analyt. Chem., submitted. 

The determination of cblorosuccinic acid in aqueous solutions 

(Received 27 July 1963. Accepted 10 March 1964) 

INTRODUCTION 

THE electrochemical reduction of dichloromaleic acid in buffered media has been shown to yield 
both chlorosuccinic and succinic acids .I Furthermore, the relative amounts of these products 
depend on the pH at which the reduction is accomplished. It was therefore necessary to develop a 
method for the determination of small amounts of chlorosuccinic acid (1O-8 - 10-aM) in the 
presence of succinic citric and phosphoric acids (the two last occurring~as compone& of the 
buffer used in the reduction). A simple procedure has been developed which involves the dehydro- 
halogenation of chlorosuccinic acid followed by a polarographic determination of the fumaric acid 
formed. 

Reagents 

EXPERIMENTAL 

Fumaric acid: Matheson, Coleman and Bell, technical grade (99+ “4 fumaric acid was recrys- 
tallised several limes from water. 

Sodium h_vdroxide: Fisher Scientific Co., aqueous 50x, by weight. 
Hydrochloric acid: Fisher Scientific Co., concentrated, reagent-grade. 
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Chlorosuccinic acid: Delta Chemical Works, Inc., purified by recrystallisation from ethyl acetate 
and light petroleum ether and vacuum sublimation: m.p. found 146-148”, reported 146-148”.8 

Apparatus 

Polarograph, constant temperature bath, H-cell with saturated calomel electrode as reference, 
purified nitrogen 

Dehydrohalogenation: The following procedure was used to analyse solutions containing 
lo-* - lo-=M cblorosuccinic acid. An aliquot (S-25 ml) of the solution was pipetted into a 
loo-ml volumetric flask, 5 ml of 50 % w/w sodium hydroxide were then added, and the solution was 
allowed to stand for 60 min. After the addition of 10-15 ml of distilled water and 10 ml of hydro- 
chloric acid, the solution was cooled and was diluted to the mark with distilled water. 

Pokzrographic ana<vsis: After removal of oxygen by passing nitrogen through the solution for 
10 min, a portion of the above solution was transferred to the H-cell and polarographed. The 
limiting current at -0*85v OS. SCE was recorded and corrected for the residual current of the sup- 
porting electrolyte. A stock solution of 5-8 x 10-4M fumaric acid in the same supporting electrolyte 
was used to obtain the current-concentration ratio, i&z. The concentration of chlorosuccinic acid 
was then calculated in the following manner. 

id 100 

K 
x A = molarity of chlorosuccinic acid in the original solution 

id = corrected limiting current at -0.85~ us. SCE, 

K = current-concentration ratio for fumaric acid, 

A = aliquot of sample which was dehydrohalogenated. 

RESULTS AND DISCUSSION 

Effect of pH and ionic strength 

The variation in current-concentration ratio with pH and ionic strength was checked to determine 
how closeIy the procedure should be standardised. It was found that the constant did not change 
significantly in the pH range 0.45-1.5. However, a two-fold variation in ionic strength caused 
deviations of 6-7 % (relative), the ratio increasing with decreasing ionic strength. Thus, if a standard- 
addition method was used to determine the fumaric acid, a negative bias was introduced, the magni- 
tude of which depended on the change in ionic strength which occurred upon addition of the aliquot 
of fumaric acid. For example, if 25 ml of the final solution were analysed and a 2-ml aliquot of fumaric 
acid stock solution (in water) was added to the cell, the results were consistently low by approximately 
1% (relative). For highly accurate work this error was eliminated by standardising the procedure 
so that the ionic strength of the final solution was always the same, and the ratio was determined in 
this electrolyte. The &curacy and precision of the method were evaluated by analysing solutions of 
pure chlorosuccinic acid. The 95 % confidence limits of any single determination were found to be 
-+3.4 % (relative). The average of 10 determinations was within 0.2 % of the true value. 

Interferences 

Although no interferences were noted in this research, a number of possible complications can 
be expected. Polarographically reducible material (inorganic and organic) in the original solution, 
which is not affected by base, need not cause any significant error even if reducible at the same 
potential as fumaric acid. The difference in the limiting current before and after dehydrohalogenation 
can be used to determine the chlorosuccinic acid. The magnitude of this difference will determine 
the reliability of the determination. 

Material sensitive to base may be divided into compounds which are originally reducible and are 
transformed into other compounds on treatment with base, and compounds which are originally 
inactive but are transformed to active material under basic conditions. Both chloromaleic and 
chlorofumaric acids fall in the first category. 1 Chlorofumaric acid may be determined by polaro- 
arauhina at pH 9.5, where chloromaleic acid interference is minimised. Chloromaleic acid is deter- 
mined a’t pH 7.2, where the reduction of chlorofumaric is more negative than the supporting 
electrolvte discharge. Both of these acids are dehydrohaloaenated to acetylene dicarboxvlic acid, 
which does not incrfere if the pH is much above 3: The fin;1 solution is adjusted to pH 5:l for the 
analysis of the fumaric acid, and the limiting current is recorded at -1.30~ vs. SCE. Dichloro- 
succinic acid in not reducible; it is, however, dehydrohalogenated to chlorofumaric acid, and thence 
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to acetylene dicarboxylic acid. Again the pH of the final solution is adjusted to 5.1 for polarography 
of the fumaric acid. (Small amounts of chlorofumaric acid which may still be present will not interfere 
at this PH.) 

Acknowledgement-The financial aid of the National Science Foundation in the form of a Under- 
graduate Research Grant to one of the authors (T. J. R.) is gratefully acknowledged. 

R. ANNINO 

Department of Chemistry T. J. BERAS* 

Canisius Co&ye 
Buffalo, New York, U.S.A. 

Summary-Chlorosuccinic acid is determined by dehydrohalogenation 
and polarographic determination of the fumaric acid formed. 

Zusammenfassung-Chlorbemsteinslure wird bestimmt durch Ab- 
spaltung von Chlorwasserstoff und polarographische Bestimmung der 
gebildeten Fumarslure. 

R&urn&-On dose l’acide chlorosuccinique par dkhydrohalog&ation 
et dosage polarographique de l’acide fumarique form&. 

REFERENCES 

1 R. Annino, J. Mahler and L. Alexander, Polarographic Behavior of Dichloromaleic, Chloromaleic, 
Mucochloric and Mucohromic Acids, presented to the Division of Analytical Chemistry, American 
Chemical Society, Washington, D.C., March 21-24, 1962. 

s L. R. Duncanson, J. Chem. SOL, 1952, 1753. 

Microtitration of plutoniumlI1 and hydrogen peroxide present with plutoniumIV in 
hydrochloric acid solutions 

(Received 12 November 1963. Accepted 3 April 1964) 

A METHOD of estimation of a few tens of micrograms of plutoniumIrI and hydrogen peroxide in 
hydrochloric acid solutions, also containing similar amounts of plutoniumI”, was required for some 
investigations concerning redox reactions between hydrogen peroxide and plutonium ions. Such 
solutio\s are unstable -because of (a) the redox- reaztion‘ of hydrogei peroxide with plu- 
toniumrV, and (b) the slow catalytic decomposition of hydrogen peroxide. They are, therefore, 
not of unique composition but time dependent. Nevertheless, it is possible to evaluate such mixtures 
because hydrogen peroxide is quantitatively destroyed as soon as an excess of potassium dichromate 
or of iron” sulphate is added. For this purpose Newton and Baker’s method,’ applicable to milligram 
quantities in a sulphuric acid medium, has been suitably modified. 

In the modified method, two aliquots of the mixture are taken separately in 1.5-2.0 ml of approxi- 
mately 25M sulphuric acid. To one portion a sufficient excess of standard 0.005N potassium dichro- 
mate solution is added by a micropipette to oxidise both the hydrogen peroxide and plutoniumlrl, 
followed by addition of a known quantity of standard 0.005N iron” sulphate solution, also in 
excess. The solution is titrated against standard 0.005N ceriumrv sulphate solution delivered from 
an Agla micrometer syringe burette, using ferroIn as internal indicator (20,ul of approximately 
1.2 mM ferroin). This titration gives a measure of the sum of plutoniumrrr and hydrogen peroxide. 
To the second aliquot the same quantities of dichromate and ironrr solutions are added, but in the 
reverse order, and the titration is completed as before. 
the plutoniumrrr 

This gives a measure of the difference between 
and hydrogen peroxide. From these measurements the concentrations of plu- 

toniumrrr and hydrogen peroxide can easily be calculated. During a titration the solution is stirred 
either by a stream of nitiogen bubbles or -by a suitable magnetic-stirrer. The nitrogen stream did 
not produce any significant difference, indicating that the method is indeuendent of the uresence 
of d&solved air: - 

I 

* Present address: Department of Chemistry, University of North Carolina, Chapel Hdl, N.C., 
U.S.A. 
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Microestimations carried out by the above method in the presence of a hydrochloric acid content 
between 0.1 and 0.3 mmole and with known amounts of plutoniumlrl (1.5-5.2 x 10-4mmole) 
have yielded results the error range of which lies between +3.0% and -2.0x, the mean error 
being +1*4%. The errors obtained in experiments with known amounts of hydrogen peroxide 
(0.80-7.96 x 1O-4 mmole) lie between +3.8 % and -55 %, the mean error being -0.6%. 

Typical results of estimations with mixtures of hydrogen peroxide, plutonium111 and plutoniumlv, 
produced by the addition of known amounts of hydrogen peroxide to known amounts of plutoniumtv 
in 2M and 6M hydrochloric acid solutions, are shown in Table I. The values in columns 3 and 4 

TABLE I 

PUIII Hz% 
PU’V produced consumed 

remaining H@, (calculated (calculated 
pu*rr (by difference remaining by difference by difference 

(by present from total (by present from data of from data of 
HCl, Time, method), Pu taken), method), column 3), column 5), 

M min meguiv X lo8 meguiv X lo6 meguiv X lo6 meguiv X 108 meguiv X lo6 

0 Nil (500~0~) (3750b) - - 
2 10 169.8 330.2 203.8 169.8 171.2 

62 351.7 148.3 19.0 181.9 184.8 
166 366.9 133.1 1.0 15.2 18.0 

0 Nil (5OO.oa) (450.0b) - - 
10 251.4 248.6 195.4 251.4 254.6 

6 - 
0 38.5 (461.5%) (50.0”) 

35 67.5 432.5 20.0 29.0 30.0 

a Known amount of Purv taken mitially. b Known amount of H,O, taken initially. 

were checked independently by spectrophotometric measurements, showing that the determination 
of plutonium It1 by the present method is possible in the presence of both plutoniumiv and hydrogen 
peroxide. The data in columns 6 and 7 seem to show clearly that the equivalent of hydrogen peroxide 
consumed in each experiment was very close to that of plutonium It1 formed, as expected, and thereby 
afford an indirect check on the estimation of hydrogen peroxide. The data in the table show a very 
slow rate of catalytic decomposition as compared to the reaction rate between hydrogen peroxide 
and plutonium Iv. Concentrations of plutonium Iv in up to about a twenty-fold excess over pluto- 
niumr11 can be tolerated. Blank experiments confirming the stability of plutoniumlv through the 
method have been carried out. 

In the method described above, dichromate and ceriumIv sulphate are used as oxidising agents, 
while potassium permanganate and dichromate, respectively, were recommended by Newton and 
Baker. It has been observed in the present work that the use of excess potassium permanganate 
or ceriumrv sulphate as the initial oxidising agent is unsuitable because of the presence of chloride 
ions, the error being as high as +SO% with permanganate and +20% with ceriumIv sulphate. 
While finishing the titration potentiometrically with dichromate, as in the method of Newton and 
Baker, it has been found that the change in potential towards the end-point is not sharp under our 
experimental conditions. Further, the use of an internal indicator, e.g., ferroin is more convenient, 
provided a stronger oxidising agent, viz., potassium permanganate or ceriumIv sulphate is used, 
which when employed for completing the titration does not seem to introduce significant error, 
even up to a hydrochloric acid content of 0.5 mmole. The effect of larger amounts of hydrochloric 
has not, however, been investigated. The method, as described, is applicable to as low as about 
2 x 10-6M plutonium IIt and 8 x 10-BM hydrogen peroxide in 0.3M hydrochloric acid. At higher 
hydrochloric acid concentrations the sensitivity may decrease. 

_&knowledgement-The authors wish to express their sincere thanks to the Head of the Radio- 
chemistry and Isotope Division for his interest in this work and for helpful suggestions. 

Radiochemistry and Isotope Division P. V. BALAKRISHNAN 

Atomic Energy Establishment Trombay A. S. GHOSH MAZUMDAR 

Bombav, India R. N. SINGH 
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Sanuna~--A method has been developed for the estimation of a few 
tens of micrograms of plutoniumrrr and hydrogen peroxide in hydro- 
chloric acid solutions containing plutoniumrv. The sum of pluto- 
niumrr’ and hydrogen peroxide is obtained by successive addition, 
in excess, of known quantities of potassium dichromate and ironrr 
sulphate to one aiiquot of the mix&rre, then titrating with ceriumrv 
sulnhate using ferroln as indicator. Their difference is obtained bv 
adding the same quantities of the first two reagents in reverse orde; 
to another aliquot, then completing the titration as before. 

M~oti~tion von Plut~~~ nad Was~~off~oxyd neben 
Piuto~~~V) in salzsanren I&ungen. 
Zusammenfasstmg-Eme Methode zur Bestimmung einiger Zehntel 
Mikrogramrn Plutonium(II1) und Wasserstoffoeroxvd in PlutoniumlIVj , I , 
enthal&nden salzsauren L&ungen wurde ent*wickelt. Die Summe von 
Plutonium(II1) und Wasserstoffperoxyd erhllt man durch aufeinan- 
derfolgende Zugabe bekannter iiberschtissiger Menger Kaliumdi- 
chromat und Eisen(II)-sulfat zu einem aliquoten Teil der Losung und 
nachfolgende Titration mit Cer(IV)-su~at und Ferroin als Indikator. 
Die Differenz erhalt man durch Zugabe derselben Mengen der beiden 
ersten Reagentien in umgekehrter Reihenfolge zu einem andern 
aliquoten Teil der Losung und Abachlu5 der Titration wie vorher. 

RCstu&-On a blabore une methode de dosage de quelques dizaines 
de microgrammes de plutonium (III) et d’eau oxygenQ dans des 
solutions chlorhydriques contenant du plutonium (IV). La somme du 
plutonium(III)et de l’eau oxygen&e est obtenue par addition successive, 
en exc&, de quantitts connues de bichromate de potassium et de 
sulfate de fer(I1) a une partie aliquote du melange, puis titrage au 
moyen de sulfate de c&urn (IV) en presence de ferroine comme 
indicateur. Leur difference est obtenue en ajoutant, a une autre partie 
aliquote, les memes quantitds des deux premiers reactifs, dans l’ordre 
inverse, puis en terminant le dosage comme prt%demment. 

REFERENCE 

1 T. W. Newton and F. B. Baker, J. Phys. Chem., 1956,60,1417. 

The response of cation-sensitiw grass electrodes to alkali metal ions 
in partially aquated media 

(Received 18 January 1964. Accepted 29 February 1964) 

IN 1957, EisemnarP reported on the properties of cation-sensitive glass electrodes which developed 
potentials proportional to the logarithm of the univalent cation activity. Improved electrodes of 
this type are now commercially available. 

A Beckman Model 76 Expanded Scale pH Meter equipped with a 39137 cation-sensitive glass 
electrode and a fibre-junction saturated calomel electrode (constrained diffusion junction type) was 
used to measure the response of the glass electrode to 10-r - 10~*M alkali metal chlorides in mixtures 
of water and ethanol, ethylene glycol, acetone, and NJGdimethylformamide (DMF),* respectively, 
These represent the amphiprotic (alcohols), aprotic (ketones) and protophilic (DMF) solvent 
types.” Protogenic (acids) solvents were not used owing to the response of the cation electrode to 
the hydrogen ion below pH = 5. Electrodes are preconditioned in the appropriate solvent, containing 
@lM KCl, for approximately 18-24 hr before use, washed with solvent after each measurement, and 
stored in the ~nditioning solution between m~urem~ts. Stable, repr~ucible responses to alkali 
metal ions in O-90 volume’% of organic solvent were obtained. The slopes of plots of mv VS. 
-log [Mf] at 25.0 & 05” are summarised in Table I. Deviations from the predicted’ Nernst slope 
of 55.0 mv at high concentrations of ethanol and acetone can be attributed to ion association and 
ion pairing .aas.6 The selectivity order of the cation electrode response in all solvents is found to be 
K+ > Rb+ > Na+ > Cs+ > Li+, as would be predicted from theoretical considerations.’ 
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TABLEI.-RESPONSEOF CATION-SENSITIVEGLASSELECTRODESTOALKALIMETAL 

IONSIN MIXED SOLVENTS. SLOPESOFPLOTS OF IIlV US. -log [M+]. 

10 30 50 70 90 volume- % 

Ethanol 
KC1 
KCI* 
RbCl 
NaCl 

Acetone 
KC1 
KClt 
RbCl 
NaCl 

Ethylene glycol 
KC1 
RbCl 
NaCl 

56.0 55.0 55.0 56.0 53.0 
56.0 55.0 55.0 56.0 53.0 
56.0 55.0 55.5 56.0 53.0 
55.5 53.0 55.0 54.0 52.0 

57.0 
57.0 
55.0 
55.0 

56.0 57.0 57.0 56.0 56.0 
57.5 56.0 56.0 55.8 55.7 
56.0 56.0 55.0 55.0 55.0 

54.5 
54.5 
55.0 
54.0 

55.0 
55.0 
55.5 
54.5 

53.0 
53.0 
50.0 
49.0 

44.0 
44.0 
44.0 
43.7 

volume % 

8.3 25.0 41.7 58.3 75 

DMF 
KC1 52.5 53.3 54.0 51.0 50.0 
RbCl 53.5 50.0 55.7 50.0 48.0 
NaCl 51.0 51.0 55.0 51.0 52.5 

* vs. ESCE 7 vs. ASCE 

Increasing fractions of organic constituent in the solvent mixture yielded increasing cell e.m.f.‘s 
for anv given concentration of solute. This effect may be attributed to chances in the liauid-iunction 
potet&ar at the reference electrode rather than to a’change in the responsg of the &ion-iensitive 
electrode This view is supported by the work of Zielen,n Uiterto and Bates5 on e.m.f. measurements in 
solutions of strong acids, salts, and buffers in aqueous and partially aqueous media. For experi- 
mental confirmation of this hypothesis, the following cells were constructed: 

Cation glass electrode IlyMKCl, X% ethanol, (100 - X)% H,O 

lKC1 (satd.), 100% ethanol, Hg&l, (satd.); Hg 

Cation glass electrode jlyMKC1, X% ethanol, (100 - X)% H,O 

/KC1 (satd., aq.), Hg&l, (satd., aq.); Hg 

Hg; Hg,C12 (satd.), 100% ethanol, KC1 (satd.) 

(I) 

(II) 

/KC1 (satd.), Hg,CL (satd.), X% ethanol, (100 - X)x Ha0 

lKC1 (satd., aq), Hg&l, (satd., aq.); Hg (III) 

The reference electrode for cell (I), an ethanolic saturated calomel electrode (ESCE) was constructed 
in a typical “H” cell with a sintered-glass frit providing a constricted diffusion junction. The elec- 
trolyte solution was saturated with KC1 and Hg&l, in absolute ethanol. Preparation of the ESCE 
is as follows: a dry mixture of Hg&&, KC1 and Hg is intimately ground together and then placed 
into the prepared cell. A layer of KC1 crystals is deposited on the mixture, and the cell is filled with 
the electrolyte solution. Contact with the mercury pool is made by means of a platinum wire sealed 
in soft glass. The cell is then sealed to prevent evaporation of the ethanol. The ESCE was found 
to be stable and gave reproducible responses in cell (III), where X = 100x, of +36.0 f 0.5 mv 
after 8.67 days. An acetone-saturated calomel electrode (ASCE) was constructed in a similar 
manner, and gave reproducible e.m.f readings of +30.9 f 0.5 mv after 3.5 days of aging. 

If Ecell (II) - Ecell (I) = Ecell (III), the change in e.m.f. noted upon replacement of water by 
organic constituents in the solvent mixture cannot have arisen at the glass electrode, but must result 
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TABLE IL-POTENTIAL MEASUREMENTS WITH NON-AQUEOUS REFERENCE ELECTRODES 

Glass Glass 

sz, El&, column 
1 - 2, 

mV mV mV 

Ethanol 
10 volume- % 

O.lM KC1 
0.05 
0.025 
0.01 

30 volume- % 
0.1 
0.05 
0.025 
0.01 

50 volume- % 
0.1 
0.05 
0.025 
0.01 

70 volume- % 
0.1 
0.05 
0.025 
0.01 

90 volume- % 
0.1 
0.05 
0.025 
0.01 

Acetone 

10 volume- % 
0.1 
0.05 
0.025 
0.01 

30 volume- % 
0.1 
0.05 
0.025 
0.01 

50 volume- % 
0.1 
0.05 
0.025 
0.01 

70 volume- % 
0.1 
0.05 
0.025 
0.01 

90 volume- % 
0.1 
0.05 
0.025 
0.01 

$145 + 105 
128 90 
110 72 

88 52 

163 124 
148 107 
130 91 
109 70 

185 148 
169 132 
150 117 
130 93 

209 173 
190 152 
175 141 
153 117 

213 
256 

9z 

239 
223 
205 
186 

Glass 
US. 

AXE 

160 138 
142 120 
125 101 
103 81 

173 148 
157 130 
140 112 
119 94 

194 166 
178 153 
160 133 
139 111 

223 196 
209 181 
190 163 
170 140 

281 250 
269 239 
254 224 
237 207 

+40*0* 
+40.0 

38.0 
38.0 
36.0 

$39.5’ 
39.0 
41 .o 
39.0 
39.0 

+38.0* 
37.0 
37.0 
33.0 
37.0 

+37.0* 
36.0 
38.0 
34.0 
36.0 

+36.5* 
34.0 
33.0 
35.0 
34.0 

+ 24.0t 
22.0 
22.0 
24.0 
220 

+27.0t 
25.0 
27.0 
28.0 
25.0 

+27.3t 
28.0 
25.0 
27.0 
28.0 

f28.0f 
27.0 
28.0 
27.0 
30.0 

+31.0t 
31.0 
30.0 
30.0 
30.0 

A, 
mV 

+t.o 
+2.0 
+4.0 

+03 
-1.5 
f0.5 
+o+ 

+1.0 
+1.0 
+5.0 
t1.0 

+1.0 
-1.0 
+3.0 
+1.0 

+2.5 
f3.5 
+1.5 
+2.5 

+20 
+2.0 

+4.0 

+2.0 
0 

-1.0 
+2.0 

-0.7 
+2.3 
+0.3 
-0.7 

+1.0 

+bo 
-2.0 

+Y.o 
fl.0 
f1.0 

* SCE 0s. ESCE, ceIl(II1) ‘j’ SCE VS. ASCE, cell (III) 
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from effects involving the reference electrode. The confirmatory experimental results using the 
appropnate non-aqueous reference electrodes are summarised in Table II for both the ethanol-water 
and acetone-water mixtures. Table II is constructed in the following manner. Subtraction of column 
2 from column 1 gives the values in column l-2. This is equivalent to Ecell (II) - Ecell (I) = Ecell 
(III) (calculated).-The numbers marked with asterisks and quotation marks in column l-2 are the 
values of Ecell (III) obtained by direct experimental measurements. Column A is obtained by 
subtracting Ecell (III) calculated values from Ecell (III) experimental values to find apparent 
differences; according to our theory, Ecell (III) calculated should equal Ecell (III) experimental. 
The values of column A fall well within the range of exnerimental error using the high-resistance 
glass electrodes, and confirm our prediction. ?‘he a&age deviations of Krnv are- + 1.05 and 
+0.66 mv for the ethanol-water and acetone-water systems, respectively. The average deviation of 
the mean of Amv is +0.24 mv for the ethanol-water mixtures and +0.15 mv for the acetone-water 
mixtures. Furthermore, using a knowledge of degenerate activity coefficients for single ions, 
Gutbezahl and Grunwaldl” have calculated liquid-junction potentials (EL) for the hydrogen electrode 
VS. SCE (aqueous) of various acids in ethanol-water solvents, and have obtained E,.‘s that are 
dependent only on solvent compositions. These results agree well with ours for systems containing 
UD to 87 weieht- ‘X of ethanol. Thus, the effects caused bv changes in activitv coefficients of salt solu- 
tions with changes in solvent composition (replacement ofwater”with organ; solvent) are small com- 
pared to the change in liquid-junction potential and may be neglected. 

We conclude, therefore, that the response of the cation-sensitive glass electrode is essentially 
solvent-independent, but depends on the nature and concentration of the solute. The results also 
suggest that such electrodes might be useful as reference electrodes in solvent mixtures containing 
substantial concentrations of alkali metal cations. 

Acknowledgement-The financial aid of NIH grant GM-10086 is gratefully acknowledged. 
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S. B. ZAMOCHNICK 

Summary-The response of cation-sensitive glass electrodes to alkali 
metal ions in ethanol-water and acetone-water mixtures has been 
evaluated. The increase in measured potential when water is replaced 
with organic solvent is proved result from to the changing liquid- 
junction potential of the reference electrode. The response of 
the glass electrode is essentially solvent-independent for a given 
concentration and type of solute. 

Zusanuuenfassuug-Das Ansprechen der Kationenempfindliche Glas- 
elektroden auf Alkalimetallionen in Ethanol-Wasser- und Aceton- 
Wasser-Gemischen wurde gemessen. Es wird gezeigt, da13 das Ansteigen 
des gemessenen Potentials bei Ersatz von Wasser durch oreanisches 
Liis&gsmitte auf der Anderung des Diffusionspotential; in der 
Brticke zur Referenzelektrode beruht. Die Emofindlichkeit Glas- 
elektrode ist bei gegebener Konzentration und Art des gel&ten 
Stoffes im wesentlichen vom Lijsungsmittel unabhangig. 

R&unn&-On a &value la response de ces electrodes aux ions metalliques 
alcalins dans des melanges Bthanoleau et acetone-eau. On a de- 
montre que l’accroissement du potentiel mesure que l’on observe 
lorsqu’on remplace l’eau par un solvant organique, est dii a la variation 
de potentiel du liquide de jonction de l’electrode de reference. La 
reponse de l’electrode de verre est essentiellement independante du 
solvant, pour une concentration et un type de solute don&s. 
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Separation of commercial diphenylcarbazone into its components 

(Received 11 February 1964. Accepted 25 March 1964) 

KRUMHOLZ and Krumholz verified in 1937 that “diphenylcarbazone” (1,5-diphenylcarbohydrazone), 
m.p. 157”, was probably an intermolecular compound of diphenylcarbazide (I) and pure diphenyl- 
carbazone, m.p. 127” (II), which they succeeded in separating by batch extraction of alkaline solutions 
of the product with ethyl ether. 1 Diphenylcarbazone, being acidic, remains in solution in its anionic 
form, whereas diphenylcarbazide, which is not acidic, is carried into the organic solvent. 

NH-NH-C,H, N=N-CBH6 

D=C’ 
/ 

D=C 
\ \ 

NH-NH-C,H, NH-NH-C,H, 

(I) (II) 

However, the commercial AnalaR grade product available nowadays is still the substance melting 
at 157” and catalogues do not list the existence of a different form. 

In an attempt to confirm Krumbolz’s results we have found that commercial diphenylcarbazone 
could be separated into its components by thin-layer chromatography. 
of Merck Silica-gel GFsSa, 

The support used was a layer 
and the eluent was a mixture of chloroform (75%) and acetone (25%). 

In recently-coated plates, pure diphenylcarbazone showed up as a red spot (Rr N 0.75) and diphenyl- 
carbazide as a purple one (Rr ci 0.20) after spraying with a dilute acid solution of potassium chromate. 
The time of elution was 15-20 min. This confirms the findings of the previous workers, but this 
method is not very suitable for preparing substantial amounts of the reagent. We have therefore 
adapted Krumholz’s procedure to a continuous liquid-liquid extraction technique which gave excellent 
results. 

An extractor similar to that used by Ashley and Murray for the extraction of FeCI, with ether2 
appeared to be best suited for the purpose and the procedure was as follows. One g of commercial 
diphenylcarbazone (m.p. 157”) was dissolved in 100 ml of 5 % NaOH containing a few mg of KCN. 
The solution was transferred to the extractor, and the necessary volume of ethyl ether was added to 
fill the extractor up to the level of its horizontal arm. The Erlenmeyer flask containing about 100 ml 
of ethyl ether was connected, and the solvent was refluxed for about 36 hr. 

Diphenylcarbazide was carried into the Erlenmeyer flask, where it crystallised in long colourless 
needles, m.p. 172-3”. The basic aqueous solution was then taken out of the extractor, filtered through 
a sintered-glass filter-funnel, and acidified with dilute H,SOI. A precipitate formed, and the sus- 
pension was allowed to settle for 1 hr when the solid was collected and dissolved in the minimum 
amount of hot ethanol. Twice its volume of de-ionised water was added with stirring, and the solution 
was allowed to crystallise. Deep orange crystals of pure diphenylcarbazone were obtained in small 
needles, m.p. 1267” (rapid heating). The yield for the first crystallisation was 120 mg (-24%). 

Pure diphenylcarbazone is easily soluble in ethanol, chloroform and methylene dichloride up to 
concentrations of the order of 10-SM; it is also soluble, but not so easily, in ether, benzene and carbon 
tetrachloride, among the more usual solvents. 

For solutions in carbon tetrachloride, the following absorption maxima and respective molar 
extinction coefficients were observed : 
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1 9naz E,ll, 

290 m,u 12,750 
466 rnp 3,300 
563 rnp 800 

The samples we obtained using Krumholz’s technique were more reddish in colour and had 
lower values of E,,, than those prepared by the method now described. Balt and van Dalen,* who 
recently started a systematic study of the metal complexes of diphenylcarbazone, and purified their 
reagent according to the previous authors, reported values for e,,, close to ours but not quite so high. 

Spectra, and more detailed observations, will be published elsewhere.4 

Centro de Estudos de Q&mica Nuclear (Z.A.C.) J. J. R. F. DA SILVA 
Znstituto Superior T&ico J. C. G. CALADO 
Lisboa, Portugal M. L. DE MOURA 

Summary-Confirming results of previous workers, it is shown that 
commercial AnalaR diphenylcarbazone can be separated into its 
components (diphenylcarbazide and pure diphenylcarbazone) by thin- 
layer chromatography or continuous liquid-liquid extraction, the latter 
method being preferred for preparative purposes. Some physical 
properties of pure diphenylcarbazone are reported. 

Zusammenfassung-In Ubereinstimmung mit Ergebnissen friiherer 
Forscher wird gezeigt, daB handelstibliches analysenreines Diphenyl- 
carbazon durch Diinnschichtchromatographie oder kontinuierliche 
fliissig-fltissig-Extraktion in seine Komponenten Diphenylcarbazid und 
reines Diphenylcarbazon aufgetrennt werden kann: Die zweite 
Methode ist fur praparative Zwecke vorzuziehen. Einige physikalische 
Eigenschaften des reinen Diphenylcarbazons werden angegeben. 

R&urn&-On confirme des resultats d’autres chercheurs en montrant 
que la diphenylcarbazone p.a. commerciale peut &tre separee dans ses 
components (diphenylcarbazide et diphenylcarbazone pure) par 
chromatographie sur couche mince et par extraction liquide-liquide 
continuelle, cette derniere methode &ant prefer&e pour sa preparation. 
On indique quelques proprietts physiques de la diphenylcarbazone 
purifiee. 
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LETTER TO THE EDITOR 

The determination of phosphate in the presence of calcium by the 
molybdovanadate method 

SIR, 

THE method of Bridger et nl., 1 incorporating the methods of Maksimova er ~1.~ and Misson,s 
i.e., the molybdovanadate calorimetric method for the determination of phosphorus, has been applied 
to the determination of orthophosphate in the presence of calcium. 

It has been found that grossly unreliable results are obtained when the phosphate (P,O,):calcium 
(Ca) ratio exceeds 1: 10,000. Temperature effects are quite noticeable, in that if the determination 
is carried out at temperatures in excess of 22” the results are erratic, being approximately double the 
expected level. The most reliable temperature for carrying out the determination is below 14”, but 
even at this temperature poor results are obtained if the phosphate:calcium ratio is greater than 
1:20,000. The position is not improved if the extraction finish, as described by Elwell er al.> and 
by Booth ef al.,6 is used. 

The quinoline molybdophosphate method of Wilson6 gives satisfactory results down to a phos- 
phate: calcium ratio of 1: 50,000. The “molybdenum blue” method of Berenblum et al.,’ gives satis- 
factory results down to a phosphate:calcium ratio of 1: 200,000, provided that the determination is 
carried out in the temperature range 18”-24”. 

Acknowledgements-The writer thanks the Directors of John & E. Sturge Limited, for permission 
to publish this letter. 

John & E. Sturge, Ltd. 
Li$ord Chemical Works 
Kings Norton 
Birmingham, 30, England 

M. L. RICHARDSON 

9 April 1964 
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NACHWEIS UND QUANTITATIVE BESTIMMUNG VON 
CHLORIERTEN CYCLOPENTADIENDERIVATEN 

DURCH GASCHROMATOGRAPHIE UND 
UV-SPEKTROPHOTOMETRIE 

(FRAU) L. LECHNER und (FRAU) A. SOMOGYI 
Forschungsinstitut fiir Chemische Schwerindustrie, Veszpri?m, Wngarn 

(Ei~egaage am 24 N~ve~~r 1963. Angenommen am 10 M&z 1964) 

Z~a~~~g-Zur qualitativen und quantitativen ~timmung 
von Hexachlo~yclope~tadien in Gegenwart von chlorierten Cyclo- 
pentadienderivaten wurde eine gaschromatographische und eine UV- 
spektrophotometrische Methode ausgearbeitet. 

HEXACHLOROCYCLOPENTADIEN ist einer der Grundstoffe der Pflanzenschutzmittel 
vom Cyclodien-typ. Bei seiner Erzeugung durch Chlorieren von Cyclopentadien 
sind in dem anfallenden Produkt ausser Hexachlorocyclopentadien such Oktachlor- 
cyclopenten und andere Cyclopentadienderivate von verschiedenem Chlorierungsgrad 
anwesend. 

Zur Ermittlung der optimalen Bedingungen der Chlorierung ist es erforderlich, 
den H~xachlorcyclopentadiengehalt des Reaktionsprod~tes zu bestimmen. Zur 
LGsung dieser Aufgabe hielten wir unter den anal~is~hen Bestimmungsmethoden die 
Gaschromato~aphie und die UV-S~ktrophotometrie fiir gee&net. 

In der Untersuchung der Proben bereitete der Umstand, dass das Hexachlor- 
cyclopentadien in einem Gemisch bestimmt werden musste, das durchschnittlich 
10 bis 12 chlorierte Cyclopentadienderivate von unbekannter Zusammensetzung und 
von stark unterschiedlichem Siedepunkt enthielt, grosse Schwierigkeiten. In Proben, 
die Komponenten mit hijherem Chlorierungsgrad als das Hexachlorocyclopentadien 
enthalten, l%sst sich das Hexachlorcyclopentadien mit dem Gaschromatographen 
qualitativ und quantitativ gut bestimmen. Die Untersuchungen zeigten, dass sich 
das Hexachlorocyclopentadien in Gemischen, die Verbindungen mit niedrigerem 
Chlorierungsgrad als die des Hexachlorcy~lo~ntadiens enthalten, mit der gaschroma- 
to~aphischen Methode wegen der Anwesenheit einer St~rkomponente mit nahezu 
gleicher Retentionszeit nicht bestimmen l&st. 

Zur Untersuchung von Proben solcher Zusammensetzung wurde mit Erfolg 
die UV-Spektrophotometrie verwendet. 

Wntersuchungen mit der gaschromatographischen Methode 

Die Untersuchungen wurden mit dem Gaschromatographen Fractovap B der Firma Carlo Erba 
durchgefti. Die Thermostatkammer des Ger&tes ist zwischen 0 und 230°C auf eine beliebige 
Temperatur einstellbar. Die Temperatur wird mit einem elektronischen Temperaturregler stabil- 
isiert. Als Messgeber dient eiene W&rmeleitf;ihigkeitszelle. Die SWmungsgeschwindigkeit des Tr&- 
gergases wird mit einem Rotameter gemessen. Zur Registrierung der Messergebnisse dient ein 
potentiometrisches Linienschreibgeriit. Die F&hen unter den chromatographischen Spitzen werden 
mit einem elektronischen Integrator gemessen. 

Als Standard wurden durch Destillation gereinigte He~~hlorcyclo~n~di~ und mit Alkohol 
me&mats umkris~Ilisiertes ~ktachlorcyclo~nte~ verwendet. 

987 
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Als Trennfltissigkeit diente Apiezon N Vakuumhahnfett und als Tragermittel Thermolytziegel- 
pulver bzw. Polyathylenpulver von 0,3 bis 0,4 mm Korngriisse. Vor dem Impragnieren wurde das 
Thermolytziegelpulver bei 160°C aktiviert. Die Menge der Tremrfliissigkeit betrug im Falle von 
Th$rmolytziegelpulver 10% und von Polyathylenpulver 1%. Das Apiezonfett wurde als Liisung 
in Ather mit dem Triigermittel vermischt. Das Liisungsmittel wurde auf einem Wasserbad verdampft. 

Bei der Bestimmung des Hexachlorcyclopentadiens aus einem Gemisch, das kein Oktachlor- 
cyclopenten enthielt, betrug die Hiihe der chromatographischen Slule 1 m und ihr Durchmesser 
6 mm. Als Fiillstoff wurde mit 10% Apiezon N benetztes Thermolytziegelpulver verwendet. Die 
Temperatur der Thermostatkammer wurde zu 165°C und die des Verdampferraumes zu 230°C 
ausgeregelt. Die Stromungsgeschwindigkeit des Wasserstoff-Tragergases betrug 2 l/h (Abb. 1). 

Bei der Ausarbeitung der quantitativen Bestimmungsmethode bestiitigten wir mit der inneren 
Standardmethode mit Hilfe von Proben von bekanntem Hexachlorcyclopentadiengehalt die Lineariat 

A~B. l .-1,2,4-9 : chlorierte Cyclopentadien. 
3 : Hexachlorcyclopentadien. 

10: Oktachlorcyclopenten. 

des Zusammenhanges zwischen der Konzentration und der G&se der Fllche unterhalb der Spitze. 
Als innerer Standard wurde Cyclohexan verwendet. Die Cyclohexankonzentration betrug in jedem 
Fall 20 Gew. %. Die Konzentration des Hexachlorcyclopentadiens wurde zwischen 10% und 60% 
ge%ndert. Als dritte Komponente wurde chloriertes Gemisch verwendet, das kein Hexachlorcyclo- 
pentadien enthielt. Die Ergebnisse wurden auf Grund der unterhalb der Spitzen ausgemessenen 
Fllchen und der Hiihen der Spitzen ausgewertet. Aus den Chromatogrammen wurden die Quotienten 

Fl&che unter der Hexachlorcyclopentadien-Spitze = 5 und 
Fllche unter der Spitze des inneren Standards St, 

Hijhe der Spitze des Hexachlorcyclopentadiens Hx 
Hiihe der Spitze des intemen Standards = Sf 

bestimmt. Die auf diese Weise erhaltenen Werte, als Funktion der Hexachlorcyclopentadien- 
Konzentration dargestellt, ergaben mit beiden Berechnungsmethoden Geraden. 

Aus dem vorliegenden Chromatogramm wurde such die auf die Summe der Fllchen unterhalb 
der Spitzen bezogene prozentuelle Konzentration des Hexachlorcyclopentadiens, bestimmt. Die auf 
diese Weise erhaltenen quantitativen Ergebnisse stimmten mit der Einwaage ausreichend tiberein. 
Zu den weiteren Untersuchungen wurde die letztere einfachere Berechnungsmethode verwendet. 

Bei Proben, die Oktachlorcyclopenten enthielten, konnte die Bestimmung des 
Hexachlorcyclopentadien aus der Gesamtfllche unter den oben angefiihrten Chromato- 
graphierungsbedingungen nicht angewendet werden; wir beobachteten nlmlich, 
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dass auf dem Chromato~amm nur ein Teil des Okta~hlorcy~lo~nten, etwa 40 bis 
5074, erschien. Es wurde vermutet, dass der negative Fehler auf die Zersetzung 
infolge der Temperatur sowie der katalytischen Wirkung des Kolonnenftillstoffes 
zuriickzuftihren ist. Diese Annahme wird such durch Beckman1 unterstiitzt. Die 
Erhbhung der Temperatur der Thermostatkammer erschien daher nicht als zweck- 
mlssig. 

I I 1 I I I I I 
16 14 I2 IO 6 6 4 2 ( 

In,” 

ABB. 2.--l : Hexachlorcyclopentadien. 
2: Oktachlorcyclopenten. 

Urn such die Bestimmung des Oktachlorcyclopentens quantitativ zu gestalten 
und zugleich bei der Bestimmung des Hexa~hlorcyclopentadiens die Anwendung der 
s~hwerf~~i~n internen Standardme~ode zu vermeiden, wurde eine S%ule von 
0,25 m Llinge und 4 mm Durchmesser, die mit 1 Y0 Apiezonfett benetztem polyathylen- 
pulver geftillt wurde, verwendet. Die Temperatur der Th~~ostatkammer wurde zu 
lOO”C, die des Verdampferraumes zu 230°C ausgeregelt. Die Stromungsgeschwindig- 
keit des WasserstofftrHgergases betrug 41/h (Abb. 2). 

Unter diesen Umstanden liess sich in entsprechender Konzentration such das 
Oktachlorcyclopenten ohne Zersetzung quantitativ bestimmen; somit kann das 
Hexachlorcyclopentadien such in der Gegenwart der hochsiedenden Komponente 
mit der einfachen und schnellen, auf die Gesamtflliche bezogenen Methode berechnet 
werden. 

~~ters~ch~~e~ mit der UV-spekt~oph~tometr~chen fete 
Die s~~ophotometri~hen ~ti~~gen wurden mit einem S~ktrophotometer Unicam 

Sp-700 vor~eno~en. Der Messbereich des Ge&tes erstreckt sich vom Ultra-~o~ett-Ge~it bis zum 
nahen Infrarot-Gebiet 3.6 p. 
Lichtabsorption der Probe. 

Das Ger&t registriert automatisch die auf die Referenzsubstanz bezogene 

Bei der Untersuchung der Spektren des Hexachlorcyclopentadiens und Oktachlor- 
cyclopentens konnte festgestellt werden, dass die Absorptionsmaxima mit den in der 
Literatur angegebenen Werten iibereinstimmen.2*3 

Im untersuchten Ultraviolett-Gebiet weist das Specktum der Losung des Hexa- 
chlorcyclopentadiens in Tetrachlorkohlenstoff bei 259 rnp and 3 18 m,u liegende zwei 
Absorptionsmaxima auf. Das Oktachlorcyclopenten und die iibrigen chlorierten 
Cyclopentadienderivate ergeben nur ein Absorptionsm~imum bei 259 rnp (Abb. 3). 
Dadurch kann das Hexachlor~yclo~ntadien mit Hilfe des Absorptionsmaximums 
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ABB. 3.-Abso~t~onssF~ktr~ van Hexachlor- 
cyclopentadien und Ok~chlorcyclo~nte~ in 

Tetra~~orkuhlenstoff als L~su~gsmittel. 
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Ace. 4.-Absorptionss~kt~um van kkxa- 

~h~or~yc~o~o~die~ in verschiedenen 
~sungsmjtteln. 

1: n-Hexan. 
2 : I;ithanol. 
3 : Tetrach~orkoh~e~stoff. 

bei 3 18 rn,~~ such in Gemischen, bei denen die gaschromatographjsche Methode nicht 
anwendbar ist, bestimmt werden. 

Bei der Ausarbeitung der quantitativen Bestimmungsmethode wurden die 
Transmissionen von Hexachlorcyclopentadien-Losungen verschiedener Konzent- 
ration bestimmt. Die geeignete Konzentration zur quantitativen Bestimmung ergab 
sich zu IV moLl/l, Die Messungen wurden in einer ~ua~k~vette von 1 cm n-Hexan, 
Athanol bzw. Tetra~~orkoh~enstoff als L~sun~mittel durchgefiihrt. Die in den 
verschiedenen L~sungsmitteln gemessenen Abso~tio~smaxima zeigen einige rnp 
Abweichung (Tab. 1, Abb. 4). 
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TABELLE l.-ABS~RPTIONS INVERSCHIEDENEN LtkXJNGSMITTELN 

Verbindung Losungsmittel max., mp 

Hexachlorcyclo- n-Hexan 230 310 
pentadien Athanol 209 318 

Tetrachlorkohlenstoff 259 318 
Oktachlorcyclo- n-Hexan 210 - 

penten Athanol 230 - 
Tetrachlorkohlenstoff 259 - 

Der Vergleich der mit Gaschromatographie bzw. mit UV.-Spektrophotometrie 
erhaltenen Ergebnisse der Hexachlorcyclopentadien Bestimmung zeigt, dass die 
Abweichung zwischen den beiden Methoden 1,0 abs. y0 nicht iibertrifft (Tab. 2). 

TABELLE~.--AL~WEICHUNGENIN DERBESTUWUNG DESHEXACHLORCYCLO- 
PENTADIENGEHALTS 

Hexachlorcyclopentadien, 
Gehalt in Prozenten 

Nr. ___ ~ Abweichung, 
gaschromatographisch spektrophotometrisch % 

bestimmt bestimmt 

1 19,5 18,5 130 
2 18,5 17,7 037 
3 27,0 267 033 
4 32,6 33,0 0,4 
5 66,5 65,8 0,7 

GANG DER ANALYSE 

Bestimmung von Hexachlorcyclopentadien 

Von der Probe werden unter den bereits beschriebenen gaschromatographischen Bedingungen 
mit einer Injektionsspritze 10 ~1 eingemessen. Aus dem Chromatogramm lhst sich die Art der 
Cyclopentadienderivate der Probe feststellen. Ist keine Komponente zugegen, die die gaschroma- 
tographische Bestimmung des Hexachlorcyclopentadiens stiiren wtirde, so wird das Chromatogramm 
mit der Berechnungsmethode der Fllchensumme ausgewertet. Falls die Bestimmung in Gegenwart 
von Cyclopentadienderivaten niedrigeren Chlorierunggrades ausgetihrt werden ~011, wird das 
folgende Verfahren angewandt. 

In einem Normalkolben wird aus der Analysenprobe auf einer analytischen Waage so vie1 
eingewogen, dass die Konzentration der Losung 10e4 Mel/Liter betrage, nachher wird der Kolben 
mit Tetrachlorkohlenstoff bis zur Marke aufgefiillt. Die Transmission wird in einer Quartzktivette 
von 1 cm gegen Tetrachlorkohlenstoff bei 318 my gemessen. Die Konzentration wird unter gleichen 
Bedingungen mit Hilfe einer unter gleichen Bedingungen mit reinem Hexachlorcyclopentadien 
aufgenommen Kalibrierungskurve bestimmt. 

Bestimmung von Oktachlorcyclopentan 

Zur gaschromatographischen Bestimmung werden 20 pl der Probe ausgemessen; bei hohem 
Oktachlorcyclopentengehalt ist die Probe fest, in diesen Falle wird die Probe in wenig Tetrachlor- 
kohlenstoff gel&t. Die Auswertung erfolgt mit der Berechnungsmethode der Fllchensumme. 

Zur spektrophotometrischen Bestimmung wird aus der Analysenprobe dem zu erwartenden 
Oktachlorcyclopentengehalt entsprechend in einen Normalkolben so vie1 ausgemessen, dass die 
Konzentration der Losung 1O-4 Mel/Lit. betrage. 

Der Kolben wird mit Tetrachlorkohlenstoff bis zur Marke aufgeftillt. Die Transmission wird in 
einer Quarzkiivette von 1 cm gegen Tetrachlorkohlenstof bei 259 rnp gemessen. Die Konzentration 
wird mit Hilfe einer Kalibrationskurve, die mit einem Oktachlorcyclopentadienstandard aufgenommen 
wurde, bestimmt. 

2 
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S--A g~~~omato~aphi~ and ~traviolet-s~~ophotomet~~ 
method has been developed for the detection and qu~ti~tive deter- 
mination of hexachlor~clo~~tadi~e in the presence of chlorinated 
derivatives of cyclopentadiene. 

R&u&-On a blabore une m&ode de chromatographie en phase 
vapeur et de spectrophotometrie ultraviolette pour la detection et le 
dosage de l’hexachlorocyclopentadiene en presence de d&iv& chlores 
du cyclopemadiene. 

SCHRIFTTUM 
t H. 1;. Beckman und A. Revenue, J. Chromatog., 1963,10,231. 
a E. T. MC&~, J. D. Idol und C. W. Roberts, J. Amer. Chem. Sot., 1955,77,4375, 
* J. D. Idol, V. W. Roberts und E. T. McRee, J. Organic C&m., 1955,20,1743. 
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RAPID DETERMINATION OF BORON IN IRON 
AND STEEL BY PYROHYDROLYSIS AND 

CONSTANT-CURRENT COULOMETRY* 

TAKAYOSHI YOSHIMORI, TOMOO MIWA and TSUGIO TAKEUCHI~ 
Faculty of Engineering, Gifu University, Gifu-Ken, Japan 

(Received 2 December 1963. Accepted 24 March 1964) 

Summary-An accurate and simple method for the determination of 
boron in steel is proposed. A pyrohydrolytic method for separating 
boron has been applied to boron steel. The sample, heated in a 
furnace, is decomposed by water vapour, and boron in the sample is 
collected in a dilute sodium hydroxide solution, together with the 
water vapour, within 20-40 min. The boron content in the receiver 
is determined by constant-current coulometry using mannitol. Accurate 
results have been obtained within 3&50 min for several boron steels 
containing 0.0002-0.01 ‘A of boron. 

IN spite of its very low content in steels, boron has a marked effect upon the hardening 
of steel. Therefore the determination of the element is very important. A methyl- 
borate separation and calorimetric determinatiorP5 have been commonly applied 
for iron samples. These methods, however, require the treatment of acid-insoluble 
boron compounds, and are very complicated and time-consuming; moreover, the 
results obtained are not satisfactory unless the analyst is fairly skilled. 

A pyrohydrolytic procedure,6-s as a separation method for boron or halide ions, 
has been adopted for the determination of these elements in those ceramic or atomic 
reactor samples which contain relatively large amounts of boron. This procedure has 
not yet, however, been applied to small amounts of boron, especially in steel samples. 

According to the literaturelO and the authors’ recent investigations,W2 l-500 pg 
of boron can be determined by constant-current coulometry using mannitol, and 
very reliable results have been obtained. For determining microamounts of boron in 
steels, this coulometric method has now been combined with the pyrohydrolytic 
procedure already mentioned, and a more rapid and more accurate method has 
resulted. 

Apparatus for pyrohydrolysis 
EXPERIMENTAL 

A schematic diagram of the apparatus for pyrohydrolysis of the sample is shown in Fig. 1. The 
furnace commercially available for the determination of sulphur in steel is satisfactory for this purpose, 
and a large combustion boat (1 cm deep, 1 cm wide and 8 cm long) is used, after pretreatment by the 
following procedure. It is washed by scrubbing with tap water, and is treated with 644 hydrochloric 
acid; after washing with distilled water until free from chloride, it is dried, and heated in the furnace 
in the same conditions as those used for the sample treatment. By this means the blank value for the 
boat is reduced to less than 1 pg. Steam, which is passed over the sample, is controlled by the a& 
justment of the voltage of the heating mantle. A 1-litre quartz flask, containing 2-3 g of sodium 
hydroxide in 1 litre of water, is used for steam generation. Other detailed dimensions are shown in 
Fig. 1. 

* Lecture to the XVth Mining and Metallurgical Conference, June 1963, Bergakademie Frei- 
berg, Sachsen, German Democratic Republic 

t Institute of Techno-Analytical Chemistry, Ficulty of Engineering, Nagoya University, Nagoya,. 
Japan. 
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FIG. l.-Apparatus for pyrohydrolysis 

A: Quartz jacket condenser E: Quartz round-bottomed flask (1 litre) 
B: Quartz reaction tube F: Reaction furnace 
C: Sample inlet G: Preheater furnace 
D : Quartz T-connector tube H: Heating mantle 

I: Quartz or Polyethylene beaker 

< ,j Saturated KC1 

FIG. 2.-Apparatus for coulometric titration 

Pt: Pt-electrode (1 x 1 cm) CV: D.C. Constant voltage source (250 V, 150 mA) 
mA: Milliammeter (1 mA or 10 mA) SW: Switch 
VR: 25 K - 500 K Variable resistor M: pH meter with glass electrode 
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Apparatus for constant-current coulometry 

The coulometric titration apparatus for determining boron is shown in Fig. 2. The electrolysis 
cell is made from a quartz or polyethylene beaker, and the tubes for introducing nitrogen and those. for 
salt bridge are made of polyethylene. The rotating part of the stirrer is also covered with poly- 
ethylene. Constant current is applied using an electronic constant-voltage supply and a variable 
resistor of high resistance. 

The accuracy and the lower limit of the results obtainable by this apparatus depend largely on the 
accuracy of the pH meter. A pH meter, Model P, with glass electrode, made by the Hitachi-Horiba 
Instrument Co. is fairly satisfactory. 

Reagents 

“Analytical Grade” reagents and redistilled water are used. The purity of the mannitol is most 
important in this method. Even trace amounts of acidic materials in this reagent harms the results; 
the reagent with the least blank value should be chosen from several lots. The complete washing of 
the nitrogen introduced into the cell is also important. In order to remove alkaline materials in- 
troduced by the washing with solid sodium hydroxide it was necessary to wash at least 4 times with 
water. 

Pyrohydrolytic separation of boron from steel 

Only one example has been found in the literature* of the pyrohydrolytic separation of boron in 
steel containing a relatively large amount of boron, but the details are not given. For the deter- 
mination of a small amount of boron in ordinary boron steel, no method has been described. 

To obtain the optimum conditions for the separation of microamounts of boron in steel, the 
following method was used. 

Procedure: The sample, weighed into the boat, was placed in the furnace which was above 1100”; 
preheated water vapour (about 900”) was then passed for 20-90 min. The rate of the flow of the 
steam was adjusted by controlling the voltage of the heating mantle (Fig. 1, H). The steam, con- 
taining the boron from the sample, was condensed and collected in the quartz or polyethylene beaker 
containing dilute sodium hydroxide solution. After passage of the steam, the distillate was evap- 
orated, if necessary, to about 100 ml, and the boron content was determined by constant-current 
coulometry, as described later. 

The rate and efficiency of boron recovery in the distillate is dependent on such 
factors as the temperature of the reaction tube, the rate of flow of the steam, the 
time of pyrohydrolysis, and the amount of the sample. 

Rate of $0~ of steam 

With increase in the rate of flow of the steam, the volume of the distillate 
becomes very large, and therefore a large amount of mannitol must be added to the 
electrolyte. This causes a high blank value because of the acidic matter in the reagent. 
If the rate is too slow, the boron compound may be condensed at the exit of the 
reaction tube. 

TABLE L-EFFECT OF THE RATE OF 
PASSAGE OF STEAM 

Rate of steam, Recovery of boron, 
ml/min % 

5 98.5 
4 99.4 
3 loo.0 
2 102.2 

The rate of the flow of the steam was changed from 2 to 5 ml per min (as liquid) 
and the other conditions were kept constant as follows : sample l-5 g, furnace tempera- 
ture 1350”, and time of pyrohydrolysis 30 min. 

The results in Table I demonstrate that the rate of flow of steam had not 
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much effect on the results within this range. Because of the considerations mentioned, 
however, a rate in the range 2-3 ml/min (as liquid) is preferred. 

Time of pyrohydrolysis and temperature 

Because the vapour pressure of boric oxide increases at high temperature, the time 
of pyrohydrolysis may be shortened if the furnace temperature is raised. The relation 
between the temperature of the furnace and the time of pyrohydrolysis is shown in 
Fig. 3. To obtain these results, the following conditions were kept constant: sample 
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FIG. 3.-Recovery of boron as function of separating time and separating temperature; 
-C-- 1400”; 
-x- 1350”; 
-o-- 1250”; 
A 1150”. 

(NBS standard sample No. 151) 1.5 g, rate of flow of steam 2-4 ml/min. When the 
temperature of the furnace was kept at 1400”, the boron in the sample could be 
completely recovered within 20 min, and when it was kept at 1150”, 90 min pyro- 
hydrolysis were needed to recover the element completely. 

Although the time of pyrohydrolysis may change according to the amount of 
sample and the size of the chips, the time necessary for separation of boron from steel 
samples is greatly shortened if the temperature of the furnace is kept above 1300”. 
Moreover, evaporation of the distillate, occasionally required in calorimetric 
procedures, is now not necessary if the time limits described are adhered to. 

Recommended procedure for pyrohydrolysis 

Weigh the relatively finely divided sample (05-3 g) into the boat, treated as described above, and 
carefully charge it into the furnace, which is kept above 1350”. Connect up the apparatus as shown 
in Fig. 1. Use about 15 ml of water containing 3-5 drops of O.SMsodium hydroxide solution to collect 
the distillate. Introduce the steam, preheated to about 900”, at the rate of 2-3 ml per min (as liquid), 
and maintain this rate for 2&40 min, according to the temperature and the size of the sample. After 
this time interval, remove the reservoir, and transfer the distillate to the electrolysis cell. Add about 
3 g of sodium bromide and dissolve it. Adjust the volume of the solution to about 100 ml. Determine 
the content of boron in this solution by the constant-current coulometric method described later. 

Determination of boron by constant-current coulometry 

Many experiments appear in the literature lo-r4 for the acidimetric determination of 
boron using mannitol. In these, however, the pH value when the mannitol is added 
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and that at the end-point do not coincide. In addition, the determination has been of a 
relatively large amount of boron, and a titration curve for less than 1 mg of boron 
has not yet been described. According to the present authors’ experiments, pH values 
and the concentration of mannitol at this level do not coincide with those in the 
literature. 

The minimum concentration of mannitol in the electrolyte to determine such a 
microamount of boron was investigated, and the results obtained are illustrated in 
Fig. 4. These results show that it is necessary to add more than 6.0 g of mannitol 
to 100-120 ml of the electrolyte. 

7.0 

r 

Mannital added, p 

FIG. 4.-Decrease of pH of the electrolyte containing boric acid by the addition of 
man&ok 

A: 50 ,ug of boron, B: 100 pg of boron. 

One hundred ml of 0*5M sodium bromide solution and a definite amount of 
sodium borate sample solution were placed in the quartz or polyethylene beaker, 
and it was assembled for the coulometric titration of boron as shown in Fig. 2. 
Nitrogen was passed through the solution to remove atmospheric carbon dioxide, 
and the solution was acidified with dilute hydrochloric acid (pH about 2). The 
solution was then neutralised to a definite pH value (pH 5-5, 6.5, or 7.5) with dilute 
sodium hydroxide solution, using electrical control. After addition of 6.00 g of 
mannitol, and a coulometric titration, using constant current, was carried out. 

The results of these experiments are shown in Figs. 5-7. 
When the boron content is more than 10 mg, the pH-change is sufficient for the use 

of an indicator such as phenolphthalein (Fig. 5, curve I ; Fig. 6, curve I ; Fig. 7, curve I). 
When the boron content is decreased to about 1-O mg, or less, the concentration 
of alkaline standard solution or the current of electrolysis should be decreased, and 
the pH value after the end-point does not increase sufficiently for the use of phenol- 
phthalein (Fig. 5, curves II, III; Fig. 6, curve II; and Fig. 7, curves II, III). When 
the boron content is decreased to 0.1 mg or less, the pH change near the end-point 
decreases, and therefore the pH value at the end-point should be lowered. In this 
case it is very difficult to obtain a clear end-point (Fig. 5, curve IV). 

In any event, mannitol must be added at pH 6.5, because otherwise the results 
obtained are too high or too low (Figs. 5, 6 and 7). 
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FIG. 5.-Coulometric titration curves (mannitol added at pH 6.5): 

Curve I -- 10.8 mg of boron, 216 mu, Curve III -.-. 0.50 mg of boron, 
Curve II - 1.08 mg of boron, 19 mA; Curve IV -.-. 0.10 mg of boron, 
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FIG. 6.-Coulometric titration curves (mannitol added at pH 5.5); 

Curve I - 10.8 mg of boron, 216 rn.4; Curve II - 1.08 mg of boron, 19 mA. 



Determination of boron in iron and steel 999 

II - 

IO - 

9- 

a - 

I 9 T 
0. 

7-1 I 

I 1 

4- / 

“<’ 
,’ 

3- 
I 

E.i?,calculated 

Time of electrolysis 

FIG. 7.-Coulometric titration curves (mannitol added at pH 75); 
Curve I - 10.8 mg of boron, 216 mu; 

Curve II -- 1.08 mg of boron, 19 mu; 
Curve III - .- . 0.50 mg of boron, 19 IIIA. 

TABLE II.-EFFECT OF pH OF THE ELECTROLYTE BEFORE ADDITION OF 

MANNITOL AND AT THE END-POINT 

pH at the Boron taken, Boron found, 
end-point w LCR 

5.91 50.3 44.0 
6.31 50.3 45.8 
6.50 50.3 50.5 
6.80 50.3 50.2 
6.97 50.3 48.1 
605 10.1 7.5 
6.31 10.1 8.3 
6.50 10.1 9.2 
6.80 l@l 9.9 
7.00 10.1 9.7 

Difference 

N % 

-6.3 -12.5 
-4.5 -8.9 
+0.2 +0.4 
-0.1 -0.2 
-2.2 -4.4 
-2.6 -25.8 
-1.8 -17.8 
-0.9 -8.9 
-0.2 -2.0 
-0.4 -4.0 

For the titration of relatively high boron concentrations, the pH at the end-point 
is not so important because of the large pH change, and therefore pH 7,7*5 or 8 can 
be chosen. For extremely low boron concentrations, however, the pH value at the 
end-point is very important; in this case pH 7 (or less) is advisable. For example, 
pH 7 is preferable for 0.1 mg or boron. 

As a result of these experiments the procedure described below is recommended 
for the determination of the small amounts of boron occurring in ordinary boron steel. 

With this procedure, the pH of the electrolyte before the addition of mannitol and 
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that at the end-point of the electrolysis coincide with each other, and this has an 
influence on the results. The element was determined at various pH values of the 
electrolyte, and the results were shown in Table II. The most satisfactory results 
were obtained between pH 6.5 and 68 for 10-50 ,ug of boron in the electrolyte. 
This pH range was nearly equal to the value mentioned e1sewhere.n 

Recommended procedure for constant-currerit coulometry 

Acidify the sample solution in the electrolytic cell containing sodium borate with 0.5M hydro- 
chloric acid till the pH is about 2, and adjust the volume to about 100 ml. Add sodium bromide until 
its concentration in the solution reaches about 0.5M. Introduce nitrogen (free from carbon dioxide), 
adjust the pH value to about 6.2 by adding 05M and O.OlM sodium hydroxide solution. Stop the 
nitrogen flow, and neutralise the solution with the electrolytically generated hydroxyl ion until the 
pH increases to 66-6.8. During this period adjust the electrolysis current to a convenient value. 
Add 6.00 g of mannitol to the solution, and pass nitrogen (free from carbon dioxide) for several min. 

TABLE III.-DETERMINATION OF BORON IN NBS AND BCS STANDARD SAMPLES 

NBS and BCS standard Certified value Boron found, 
sample no. of boron, y0 

Wt. of sample 
taken, g % 

1.490 OGO26 
NBS no. 1.545 0.0027 
151 OGO27 1.553 0.0025 

1.474 0.0028 
1.533 0.0029 

BCS no. 0.518 0.0132 
271 0.013 0.565 0.0123 

0.559 0.0126 

BCS no. 0.525 0.008 1 
274 OGO80 0.526 O+lO8 1 

0.598 0.008 1 

BCS no. 1.321 00309 
275 0~0010 1.344 oGO11 

BCS no. 1.005 @0044 
276 0.0045 1.104 o+lO43 

1,063 0.0041 

TABLE IV.-DETERMINATION OF BORON IN BORON STEELS 

Sample 

A 

Boron content, Wt. of sample 
% taken, g 

1.563 
1.652 

0.0027 1.539 
(calorimetric method) 

1.487 
2.141 
3.094 

Boron found, 
% 

OGO26 
0.0028 
@0031 

0.0027 
00026 
0.0028 

1.506 o+lO34 
B ea. 0.003 1.481 OGO36 

1.554 0.0035 
1441 0.0036 

1.221 0.0035 
1.402 oGO35 

C ca. 0.003 1401 0.0037 
1.559 0.0036 
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Begin the electrolysis with constant current, and at the same time start a stop-watch. Continue the 
electrolysis until the pH value of the electrolyte returns to the initial value, and stop the stop-watch 
immediately, Because the pH value shown by the pH meter is often influenced by the electrolytic 
current flowing through the cell, the electrolysis should be repeated at brief intervals near the 
end-point, including the time increment for each interval of electrolysis. At the true end-point, the 
pH value shown by the pH meter should coincide with the initial value when the electrolytic current 
has been stopped. From the value of the current and the total time of electrolysis, the amount of 
boron may be calculated by Faraday’s equation. 

Analyses of standard boron steels and commercial boron steels 

Using the recommended procedure, several standard samples obtained from 

B.C.S. and N.B.S. were analysed, as well as some other boron steels commercially 
available. The results of these experiments are summarised in Tables III and IV. 

According to the results in Table III, the maximum error of 16 experiments on 
5 samples was lo%, and the mean values for each of these samples almost coincided 
with their certified values. The results for the other samples also show the good 
reproducibility of this method. 

Zusammenfassnng-Eine genaue und einfache Methode zur Bestim- 
mung von Bor in Stahl wurde vorgeschalgen. Bor wurde durch 
Pyrohydrolyse abgetrennt: Die im Ofen erhitzte Probe wird durch 
Wasserdampf zersetzt und das Bor mit dem Wasserdampf in verdtinnter 
Natronlauge aufgefangen. Der Borgehalt der Losung wird dann nach 
Manmtzusatz durch Coulometrie bei konstanter Stromstlrke bestimmt. 
Fur verschiedene Borstahle mit Borgehalten von 0,0002 bis 0,01x 
lieBen sich genaue Ergebnisse in 30 bis 50 Minuten erzielen. 

R&t&--On propose une methode simple et precise de dosage du 
bore dans l’acier. On applique la methode pyrohydrolytique de 
separation du bore a l’acier au bore. L’khantillon chautX dans le 
four est decompose a la vapeur d’eau, et le bore de l’echantillon est 
recueilli dam la solution dilute de soude, avec la vapeur d’eau, pendant 
20 a 40mn. La teneur en bore du condensat est dtterminee par 
coulometrie a courant constant, avec emploi de mannitol. On a 
obtenu des resultats exacts pour differents aciers au bore renfermant 
0,0002 a 0,01x de bore ne 30-50 mn. 
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THE USE OF A HIGH-FREQUENCY TESLA DISCHARGE 
TUBE FOR THE DETERMINATION OF NITROGEN 

AND OXYGEN IN HELIUM 

P. EMMOTT and R. E. WILSON 
Chemical Inspectorate, The War Office, Woolwich, London S.E.18, England 

Smtmary_-A study has been made of the variation in light intensity, 
within the wavelength range 300-700 mp, of a high-frequency (B&a> 
discharge in helium and in mixtures of this gas with nitrogen and 
oxygen. The increase in intensity in the presence of nitrogen and the 
decrease in intensity in the presence of oxygen have been related ta the 
amounts present, and applied to the determination of up to 1% of 
nitrogen and up to 0.7% of oxygen (v/v). The interfering effect of 
nitrogen on the latter determination has been studied. The precision 
of the determinations and the recovery on synthetic mixtures are 
satisfactory. 

INTRODUCTION 

THE theory and practice of the high-f~quency excitation of gaseous mixtures, used 
as an analytical tool, have been reviewed by M&rath, Magee, Pickering and Wilson1 

The possible applications of a Tesla discharge tube for the analysis of gaseous 
mixtures have been mentioned by Stemberg and Poulson,a and preliminary experi- 
mental work confirmed that the light intensity of such a discharge varies considerably 
with the impurity content. An analytical technique based on this phenomenon 
would have the advantages of not requiring expensive equipment and of being simple 
and potentially versatile. It was decided, therefore, to study the changes in the light 
intensity of a discharge tube containing helium on the introduction of nitrogen or 
oxygen, using a selenium photocell mounted on the side of the tube as a light detector. 
It was realised, however, that an analytical method based an such a study must be 
largely empirical, and that the effect of possible interfering factors, particularly 
pressure variatiuns, would require careful investigation. 

The important fundamental processes involved in a high-f~quency discharge 
can be expressed as follows: 

R+C*-+R++2e ionisation by electron impact 
R+C*+R*+C excitation by electron impact 
R* -+R+hv light emission 

where R is a gas molecule or atom, 
R* is an excited molecule or atom, 
R+ is an ion, 

(11 
(2) 
(3) 

and C* is an electron with a high kinetic energy. 

Processes (1) and (2) are often referred to as collisional processes of the first kind.3 
1003 
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Excitation and ionisation can also be effected by the impact of fast moving atoms 
or molecules, and by light quanta. The excitation or ionisation of a molecule or atom 
by an excited atom or ion is referred to as a collisional process of the second kind. 
The ionisation of a gas by metastable helium atoms is particularly important and is 
referred to as the Penning effect: 

He*+R+He+R++e (4) 

The energy of a metastable helium atom is about 20 ev, sufficient to ionise the 
permanent gases, most of which have an ionisation potential of about 15 ev. In 
absolutely pure helium the effective collisional process is of the first kind [processes 
(1) and (2)], but in the presence of traces of impurity, process (4) becomes effective, 
and is made use of in the present paper for the determination of nitrogen. 

The principal loss of ions in a discharge is through the recombination of positive 
and negative ions. This is 105-108 times as probable as the recombination of a 
positive ion with an electron. Oxygen, the halogens and compounds of either are 
able to capture free electrons to form negative ions, which then combine with positive 
ions to decrease the number of ions present. 

R++O,--+R+O, (5) 

This recombination effect means that the presence of oxygen, in particular, can 
seriously interfere with the spectral examination of a gas, but it has been made use of 
in the present paper as a method for the determination of oxygen and by Lovelock 
and Lipsky in the Electron-Capture Ionisation Detector. 

A further process involves non-elastic collision between fast electrons and gas 
molecules, whereby electrons lose energy and the processes (1) to (4) are partially 
suppressed : 

C* + R + C + energised R (6) 

Collisions between electrons and an inert gas molecule are elastic, and the suppress- 
ing effect of the introduction of a foreign gas into an inert gas discharge is made use of 
by Ellis and Forrest5 as the basis of a gas chromatographic ionisation detector. 
Reaction (6) is very important in high-frequency spectra work, and may outweigh 
the Penning Effect (4) at high impurity concentrations. 

Apparatus 

High-frequency generator 

EXPERIMENTAL 

A mains-operated Ferranti Tesvac was used, having an output frequency of four megacycles, a 
maximum output voltage of 30 kv and a power consumption of 30 W. 

Discharge tube 

High-frequency discharge tubes with internal electrodes are subject to difficulties associated with 
contamination from the electrode materials and adsorption on the electrode surface. Preliminary 
work indicated that discharge tubes without internal electrodes gave more reproducible results, and 
accordingly this type of tube was used in the present work. 

The discharge tube (Fig. 1) consisted of a Pyrex capillary tube 1 mm id. and 100 mm long, 
fitted with external electrodes and sealed at one end. The other end was sealed to a bulb of 150-ml 
capacity fitted with a tap, to permit evacuation and filling. This reservoir was necessary to minimise 
the effect of “clean up” in the electrical discharge. 

Before use, the tube was evacuated, baked at about 400” and conditioned to the sample. The 
gaseous mixtures were blended and introduced into the discharge tube by the use of conventional 
high-vacuum gas-transfer techniques. 
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FIG. I.-Apparatus. 

Di&arge tube holder and detector assembly 

The holder (Fig. 1) was fabricated from Tufnol and kept the discharge tube at a fixed distance 
fron+he light detector whilst excluding extraneous light. A fixed aperture, with a shutter, allowed 
light from the tube to fall upon the detector, a selenium photocell (EIiIger No. 633). Leads were 
taken from the photocell to a Pye Scalamp galvanometer (Cat. No. 7901(S) which provided a means 
of measurement of the light intensity in arbitrary units. 

I 

50 
I 1 I I 

100 150 200 250 

Pressure, mmHg 

FIG. 2.-Variation of light intensity from helium with pressure. 
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Sampling pressure 

Helium was introduced into the discharge tube, and the light intensity of the discharge was meas- 
ured at different pressures. A curve was drawn (Fig. 2) relating the light intensity and the gas pressure. 
This indicated a maximum light intensity at a pressure of 3 mm of mercury. This condition was 
difficult to reproduce exactly, and it was decided to sample the helium at the more convenient 
pressure of 200 mm, where the pressure/light intensity curve is not steep and the intensity is still 
adequate for accurate measurement. 

Effect of prolonged discharge 

The discharge tube was filled with helium at 200 mm pressure, and was subjected to a continuous 
discharge. Readings of the light intensity were taken at intervals. These indicated that the light in- 
tensity did not vary with time except during the first minute of the discharge, when the readings were 
somewhat unsteady. In all succeeding experiments 1 min was allowed to elapse between striking the 
discharge and measuring the light intensity. 

20 r 

I I I I 

0 0.5 I.0 I.5 2.0 

Nitrogen, % 

FIG. 3.-Variation of light intensity with nitrogen content, oxygen being absent. 

Variation of light intensity with impurities 

Mixtures containing up to 2 % of nitrogen in helium were made up in a simple gas-blending rig, 
and were introduced at 200 mm pressure into the discharge tube. The light intensity of each mixture 
was measured, and a graph was drawn of nitrogen content against light intensity (Fig. 3). This 
curve showed an increase in light intensity with an increase in nitrogen content up to 2%. In the 
same way, mixtures containing up to 0.7% of oxygen in helium were prepared, and a graph was 
obtained (Fig. 4) showing the reduction in light intensity with increase in oxygen content up to 0.7 %. 
It is apparent that the presence of either oxygen or nitrogen will interfere with the determination of 
the other. 

N.B. In these and succeeding experiments the helium used in making up synthetic mixtures was 
purified by passing through a 5-8, molecular sieve at 77°K before use. 

RESULTS AND DISCUSSION 

Determination of nitrogen in helium 

The light intensities of the discharges in mixtures of helium containing up to 1 y0 of 
nitrogen were measured at a sampling pressure of 200 mm, and Fig. 3 was used as a 
calibration curve to calculate the nitrogen content. Table I compares the known 
nitrogen content with that found using Fig. 3, and indicates that up to 1 o/o the error 
is about O-O2o/o of nitrogen. 
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FIG. 4.-Variation of light intensity with oxygen content, nitrogen being absent. 

TABLE I.--TIIE DETERMINATION OF NITROGEN IN HELIUM 

Nitrogen added, 
%, u/v 

Light intensity 
(arbitrary units) 

Nitrogen recovered, 
(Fig. 3) %, 40 Error 

0 5.1 
0.04 6.1 0.04 0.00 
0.10 8.4 0.14 +o+M 
0.15 8.5 0.13 -0*02 
0.27 10.7 0.27 0.00 
0.52 13.3 0.52 0.00 
0.96 15.2 1.00 +oGI 
0.98 15.0 0.94 -0M 

The use of Fig. 3 as a calibration curve for the determination of nitrogen in helium 
required the prior removal of oxygen to eliminate interference. Commercial helium 
was therefore passed through a manganous oxide trap to remove any oxygen present 
and was then introduced into the discharge tube at 200 mm pressure. The light 
intensity of the discharge was measured under the same conditions as before and 
Fig. 3 was used as a calibration curve to calculate the nitrogen content of the helium 
sample. Replicate results were obtained for a sample of helium containing O-10?; 
of nitrogen (determined mass spectrometrically), and are recorded in Table II. 

Determination of oxygen in helium 

The interfering effect of nitrogen on the determination of oxygen in helium cannot 
be easily eliminated, because the removal of the nitrogen from the sample is diflicult. 
It was decided to investigate this interference in more detail. Mixtures of helium and 
nitrogen were prepared containing up to 40% of nitrogen, and the light intensity 
of each was measured. Initially, the discharge colour was pink and the light intensity 
rose sharply with increasing nitrogen content; it remained sensibly constant between 
2% and 5% of nitrogen; and it then fell rapidly throughout the rest of the range 
considered, where the colour of the discharge was deep purple. 

3 
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TABLE 11.--I&~ DE RATION OF NITROGEN 

IN HELIUM 

Light intensity 
(arbitrary units) 

Nitrogen found, %, V/U 
(Fig. 3) 

8.8 0.15 
8.4 0.14 
6.5 0.06 
6.3 0.05 
7.2 O-09 
8.0 0.12 
7.8 0.11 
7.7 0.10 

Mean result 
Standard deviation 

0.10% 
0‘03 

A series of mixtures containing up to 05% oxygen in helium were made up and 
various amounts of nitrogen were added to each. The light intensity of each mixture 
was measured, and Table III and Fig. 5 show the relationship between oxygen content 
and light intensity despite the variation in nitrogen content from 1-6’$4 to 53%. 
Two results, for concentrations of O-1 y0 and 150% nitrogen respectively, are included 
in the Table to show the necessity for control of the nitrogen content. 

TABLE III.-THE DE~~A~ON OF OXYCBN IN HEW CONWNING 

NlTRWEN 

Nitrogen 
added, 
%. eio 

oxygen 
added, 
%, o/v 

Light 
Intensity Oxygen 

recovered, %, v/v (arbitrary 
units) (Fig. 5) Error, % 

;:I: 0.02 040 14.8 160 0.04 
3.1 0.11 13.8 0.11 
2-3 0.20 12.6 0.21 
3.9 0.24 12.5 0.22 
2.1 0.30 11.6 0.30 
l-6 0.34 11.4 0.32 
5.3 0.42 10.6 0.41 
1.9 OS1 o-57 
1.7 066 

;:; 
O-60 

0*1* O-02 
;:; 

>0*7 
1s=o* 0.12 >0*7 

* Effect of nitrogen content outside the set Iimits. 

+0*02 
003 

-t-o*01 
-0*02 

0.00 
-@02 
-0.01 
$0.06 
-0@6 

Fig. 5 can be used as a calibration curve for the determination of up to 0.7% of 
oxygen in helium. An analytical method based on this curve would first require the 
determination of the nitrogen and then its adjustment to between 2% and 5% by the 
addition of the calculated amount of pure nitrogen. Table III gives the oxygen content 
as determined from Fig. 5 using the observed light intensity values, and compares 
them with the actual oxygen figures. It can be seen that the average error is about 
0.02% of oxygen. 
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E%tk S.-Variation of light intensity with oxygen content, nitroger being present, 

CONCLUSIONS 

A selenium photocell connected directly to a galvanometer is sufkiently sensitive 
for the satisfactory measurement of the light intensity from a Tesla discharge tube 
containing helium. The light intensity from such a discharge increases on the addition 
of small amounts of nitrogen, and if oxygen is removed, e.g., by a manganous oxide 
trap, it is possible to use this property to measure the nitrogen content of helium over 
the range O-l yO by volume. The light intensity decreases on the addition of oxygen, 
and this property can be used to measure the oxygen content of helium over the range 
U-O*?% by volume, provided that no nitrogen is present or that the nitrogen content 
can be adjusted to between 2 and 5%, The probable error involved in the determina- 
tion of nitrogen or oxygen by these techniques is about -&0-03~&, 

The method is a rather restricted one, and liable to extreme error ~ind~scriminately 
applied to the analysis of gas mixtures in general. ft is also very sensitive to physical 
parameters such as pressure. 

Zusammenfassuna-Die &derung der Lichtintensit~t zurischen 300 
und 7OOmp einer H~~r~uenz-(Tesla-)entladung in Helium und 
Gemischen von Helium knit Stickstoff und Sauerstoff wurde untorsucht. 
Der IntensZitszuwachs in Gegenwart von Stickstoff und die Abnahme 
mit Sauerstoff wurde zu den anwesenden Meneen in BeziehunE 
gesetzt und fiir die Bestimmung von his N 1% S&c&off und 47% 
Sauerstoff 0 verwendet. Die St&untz van Sti&stoiY bei der 
~ue~~~~~g wurde ebenfails unt&sucht. I% Genatigkeit 
der bang und die Ergebrdsse an seIbst hergestellten Miischungen 
sind ~~te~i~d~ 
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Resume-Dans Ie domaine de longueurs d’onde compris entre 300 et 
700 m,u, on a Ctudie la variation de l’intensite de lumiere dune decharge 
haute frequence (Tesla) dans l’hblium et dans des melanges de ce gaz 
avec I’azote et l’oxygene. L’accroissement de l’intensite en presence 
d’azote, et son decroissement en presence d’oxygene ont et6 relies aux 
quantites presentes, et appliques aux dosages de l’azote jusqu’a 1% 
et de I’oxygene jusqu’a 0,7x (v/v). On a Btudie l’effet perturbateur 
de l’azote sur le demier dosage. La precision du dosage et la r&cup&- 
ation, pour des melanges synthetiques, sont satisfaisantes. 
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So-The T~a-lu~~n~ spectra of helium containmg up 
to 2% of nitrogen have been examined using a commercial fl ante pho- 
tometer. The intensity of lines attributable to nitrogen have been 
measured relative to those of several internal-standard lines. The 
ratios of the intensities of these lines can be used to measure the 
nitrogen content over the range &2% with a coefficient of variation 
of about 3%. 

INTRODUCTION 

Tm analysis of helium for impurities is usually effected either mass spectrometrically 
or gas chromatographically. As an alternative or complementary method it was 
decided to investigate the use of luminescence spectra techniques. 

There are few references in the literature to work on the analytical applications 
of T~la-l~ines~nce spectra. Chakrabarti, Magee and Wilson1 have dete~ned 
carbon dioxide in argon by ~gh-frequency excitation, and Bochkova, Ra~ovsk~ 
and Frishz have used the technique for the analysis of inert gases for purity. General 
information, and references to earlier work, are to be found in Twyman.3 

When an enclosed gas is subjected to a high-frequency a.c. field, any free electrons 
present will acquire sufficient energy to excite and ionise molecules and atoms. If 
the field is strong enough, the rate of production of ions and electrons becomes 
greater than their loss (by recombination, etc.), and the process becomes cumulative, 
leading to a breakdown in the insulating properties of the gas and the production of 
a luminous discharge. The spectrum so obtained is characteristic of the gas present, 
and consists usually of both atomic and molecular band spectra. 

A ~~-frequency discharge differs from a static d.c. discharge in that internal 
electrodes are not required; the high-fr~uen~y field can be applied from a remote 
conductor, This means that no secondary processes are required to replace electrons 
lost to the anode, and that lower field strengths are required than with static fields. 
Also, the absence of internal electrodes means that the spectra are free from lines 
arising from metallic conductors. The physical dimensions of the containing vessel, 
the pressure of the gas, and the applied field all have a marked effect on the character 
of the discharge, and it is essential to adhere rigidly to standardised experimental 
conditions in order to obtain reproducible results. The lack of reproducibility of 
light emission from a high-frequency discharge has been recorded in the literature: 
and in general it is considered advisable to adopt an internal standardisation technique 
for quantitative analysis. 

The processes of ionisation and excitation are usually achieved by a flame (as in 
flame photometry), or by an arc or spark (as in emission s~~ro~aphy). These 

101 i 
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methods can be used for gases, but a more common technique involves the use of a 
discharge tube to which is applied a d.c. potential. Also, work has been carried out 
with high-frequency discharges in which a Tesla coil has been used as one type of 
source. Tesla-luminescence spectra, in common with other visible spectra, can be 
recorded either photographically or photoelectrically, and a conventional spectro- 
graph or flame photometer can be used. 

The present report deals with the application of luminescence spectra to the 
determination of nitrogen in helium, using a helium line as an internal standard. 
The method could also be applied to the determination of oxygen and argon in helium. 

Apparatus 
EXPERIMENTAL 

High-freqwncy generator: A mains-operated Ferranti Tesvac was used, having an output fre- 
quency of 4 megacycles, a maximum output voltage of 30 kv, and a power consumption of 30 w. 

Discharge tube (Rig. 1): This consisted of a Pyrex capillary, 1 mm i.d. and 10 cm long, fitted 
with external electrodes and sealed at one end. The other end was sealed to a bulb of 150-ml capacity, 
fitted with a tap to permit evacuation and filling. This reservoir was necessary to minim& the effect 
of “clean up” in the electrical discharge. 

Examination of spectra: A Unicam SP. 900 Flame Photometer was used to detect and examine 
the spectra. The discharge tube was held in a simple holder which replaced the flame unit and kept 
the tube at a tixed position relative to the aperture of the instrument, and which excluded extraneous 
light. The spectra were recorded continuously by a Bristol Pen Recorder. 

Sampling pressure 
RESULTS AND DISCUSSION 

The total light intensity of the helium discharge from 300 to 700 m,u was measured 
at different pressures by means of a simple selenium photocell mounted on the side 
of the discharge tube. In this series of experiments, the gas was admitted into a 
discharge tube and the total light output measured at several different pressures. A 
curve was drawn (Fig. 2) relating the total light intensity to the sampling pressure; 
this indicated maximum light intensity for helium at a pressure of 3 mm of mercury. 

Examination of spectra 

Attempts to use the Hilger “Uvispek” for the examination of spectra were not 
entirely successful; it was difficult to screen the instrument completely from the 
high-frequency source. The disadvantage of using a Hilger Medium Quartz Spectro- 
graph for this work lies principally in the time required for exposure and treatment 
of plates. The Unicam S.P. 900 Flame Photometer is a direct-reading instrument, 
easily screened from the high-frequency source, and was used for the remainder of 
this work. The wavelength drum of the Photometer was calibrated against standard 
lines from a mercury vapour discharge tube. 

The gases were introduced into the sample discharge tube by the use of conventional 
high-vacuum gas transfer techniques. Before use, each discharge tube was conditioned 
by baking it under vacuum and flushing it out several times with a sample of the gas 
being studied. 

The discharge tube was sparked continuously throughout each scan, which 
covered the wavelength range 300-700 rnp. The following instrument settings were 
used: slit width, 0.02 mm; gain, 4.0; electrical band width, 3. 

The spectra of many pure inorganic gases were studied, each gas being sampled 
at that pressure which gave the maximum light intensity. The spectra of nitrogen 
and helium are discussed below. 
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I%. L-Discharge tube without etectrodes. 

The sample was taken at a pressure of 10 mm of mercury from a cylinder of h&h- 
purity nitrogen, and was used without further pur&zation. The spectrum it afforded 
(Fig. 3) was found to be very intense, consisting of 11 main peaks. Of these, the two 
principal characteristic peaks were at 337 rnp and 358 mp. 

A sample of helium was taken from a cylinder at a pressure of 3 mm of mercury, 
and gave a spectrum (Fig. 4a) containing strong oxygen and nitrogen lines. When 

Primm, mmug 

FBX Z-Variation of light output with pressure. 
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FIG. 3.--Spectrum of nitrogen. 

gettered with titanium sponge at 400” for 1 hr, the resulting purified helium gave a 
spectrum (Fig. 4b) free from oxygen and nitrogen peaks. The spectrum consisted of 
nine major peaks, the three most intense being at 389 m,u, 502 m,u and 588 rnp. 

A sample of helium was also taken at a pressure of 250 mm of mercury and the 
spectrum was recorded. The oxygen and nitrogen impurity peaks were found to be 
more intense relative to the helium peaks than when sampled at a pressure of 3 mm. 
The ratio of the peak heights are obviously dependent upon pressure, which must 
be standardised. For quantitative analytical work it would appear advantageous to 
sample the gas at the relatively high pressure of 250 mm, because this pressure 
would be more reproducible and less critical than the pressure of 3 mm. 

300 

200 

100 

(a) 

(b) 

650 

Wavelength, mp 

FIG. 4.-Spectrum of helium: 
(a) Top : impure ; 
(b) Bottom: pure. 
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Spectra of helium-nitrogen mixtures 

1015 

Mixtures containing O-2% of nitrogen in helium were made up in a gas blending 
rig, small amounts of oxygen being present as an impurity (~0.04% determined mass 
spectrometrically). A sample was taken of each mixture at a pressure of 250 mm of 
mercury, and the high-frequency spectra were examined. A typical spectrum consisted 
of the main lines shown in Table I, identified by reference to the previously-determined 
spectra of the pure gases. 

TABLE I.-SPECTRA OF MIXTURE OF HELIUM AND NITROGEN 

Wavelength of main lines, 
w 

558 
502 
469 
389 
358 
337 
391 

Element 

Helium 
Helium 
Helium 
Helium 
Nitrogen 
Nitrogen 
Not identified 

Selection of a reference line as internal standard 

The helium line at 502 rnp proved to be the most satisfactory for use as an internal 
standard. The other three main helium lines were unsuitable for the following 
reasons : 

(a) At the higher nitrogen levels (>O-05%) the 389-m,u peak existed as a shoulder 
on the larger peak at 391 rnp. 

(b) The presence of numerous small peaks very close to the one at 469 rnp made 
accurate measurement difficult. 

(c) The line at 588 m,u became very weak on increasing the nitrogen concentration 
above O-5 %. 

Variation of line intensities with nitrogen content 

The spectra of the mixtures of helium and nitrogen were examined and the line 
intensities were measured. Table II gives the intensities of the more important 
lines for each mixture, in arbitrary units. The intensities of the nitrogen lines at 
358 rnp (135s) and 337 m,u (I%,) were virtually identical for each mixture, hence results 
quoted for the line at 358 m,u will also apply to that at 337 m,u. 

TABLE II.-VARLOION OF LINE INTENSITIES AND EMISSION RATIOS WITH NITROGEN CONTENT 

Oxygen, + 
% 

0.01 0.04 35 13 
0.02 0.06 63 16 
0.03 0.27 182 15.5 
0.02 0.52 225 13 
0.01 0.96 238 10 
0.04 1.65 166 5.0 
0.02 2.17 221 6.0 

I,,, 0%) WI602 
~~- 

2.70 
3.95 

11.7 
17.3 
23.8 
33.2 
36.8 

* Measured mass spectrometrically. 
t Made up in gas blending rig and checked mass spectrometrically. 
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The curve showing the variation of the intensity of the nitrogen line at 358 m,u 
with nitrogen content (Fig. 5) is valueless as a calibration curve and illustrates the 
necessity for the use of an internal standard. The variation of the intensity of the 
helium line at 502 m,u is also shown graphically 

Nitrogso, % 

FIG. G-Variation of line intensities with nitrogen content. 

Variation of emissiorz ratio with nitrogen content 

The emission ratio 13ss/Iso8 for each mixture is shown in TabIe II. The smooth 
curve (Fig. 6) obtained for the variation of the ratio with nitrogen content is suitable 
for use as a calibration curve. The upward concavity of the curve may result from 
self-absorption of emitted energy by unexcited atoms. The curve appears to be 
parabolic, and a plot of (Iar,&wa)s against nitrogen content gives a good straight line. 

Precision of measurement of emission ratio 

The emission ratio Isrs/1502 was measured for several dilkent samples of the 
mixture con~n~g 0.06~~ of nitrogen in helium. The results are given in Table III, 
and show the coefficient of variation to be 3%. 

TABLE III.-PRECISION OF M%WR?XENT OF EMLSION RATIO I,,&,, 

Nitrogen content 
Emission ratio (Isas/Isoa) 
Mean ratio 
Standard deviation 
Coefficient of variation 

0.06% 
3.95, 4.10, 3.90, 405, 4.30, 4.00 
4.05 
0.13 
3.2% 

Interfering e$kt of oxygen 

The mixtures of nitrogen in helium used in these experiments contain small 
amounts of oxygen varying from 0% to O-04%. Variations of oxygen content at 
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Nihgm, % 

FIG, 6.-Variation of emission ratio with nitrogen content. 

this level, whilst affecting the individual line intensities (see result for mixture con- 
taining @04% of oxygen), do not appear to affect the emission ratio (Fig. 6). However, 
at concentrations of oxygen in excess of 0@4% the results were somewhat unpredict- 
able (Table IV) and it is considered advisable to reduce the oxygen content to as 
low a value as possible, e.g., by means of a manganous oxide trap. 

TABLE IV.-EFFEcT OFO~~~N 

0*06 &02 63 16 4.0 
0% 0.10 53 143 37 
0.06 0.24 39 10.9 3.6 
0.06 0.65 31 63 4,9 

Suggested a~~t~ca~procedure 

Th calikath curve (Fig. 6) is sullenly acenrate within the range o-Z?6 of nitrogen to be used 
as the basis of an analytical method. The general procedure for such a method is outlined below. 

(1) Remove oxygen from the sample, e*g., by a manganous oxide trap. 
(2) Sample the impure helium at a pressure of 250 mm of mercury in the discharge tube described. 
(3) Excite spectrum by a Ferranti “Tesvae”. 
(4) Detect and measure the helium line at 502 m/a and the nitrogen line at 358 rnp. 
(5) Calculate the emission ratio I a611 /I (roe, and read oE the nitrogen content from the calibration 

curve. 
CONCLUSIONS 

(1) The spectra of helium can be excited by a Ferranti “Tesvac”, and can be examined 
qualitatively and quantitatively by a Unicam S.P. 900 Flame Photometer. 

(2) The intensity of the nitrogen lines at 358 rnp and 337 rnp, when measured relative 
to the helium line at 502 rnp as an internal standard, can be used to determine the 
nitrogen content of helium over the range O-2%, with a coefficient of variation 
of 3%. 

(3) The presence of oxygen in excess of 0G4°/0 interferes with the dete~ination~ 
and the oxygen content must be reduced below this level. 
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Zusamme&sauaR-Die Tesla-Lumineszenzspektren von bis zu 2% 
Stickstoff enthaltendem Helium wurden mit einem gewirhnlichen 
Flammenphotometer gemessen. Die Intensitiit von Stickstofflinien 
wurde relativ zu der einiger Linien des inneren Standards gemessen. 
Die IntensitB;tsverh%ltnisse dieser Linien kiinnen zur Messung des 
Stickstoffgehalts zwischen 0 und 2% mit einer Streuung von etwa 3% 
verwendet werden. 

R6sum&-On a examine le spectre de 1uminescenceTesla de l’helium 
contenant jusqu’a 2% d’azote, en utilisant un photometre de flamme 
commercial. Les intensites des lignes attribuables a l’azote ont ett6 
mesurees par rapport a celles de differentes lignes Btalons internes. 
Les rapports des intensites de ces lignes peuvent dtre utilists pour 
mesurer la teneur en azote dans le domaine O-2% avec un coefficient 
de variation d’environ 3%. 
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4,5-D~AMIN~-6-~HI~PYR~MIDINE AS AN ANALYTICAL 
REAGENT-I 

SPECTROPHOTOMETRIC DETERMINATION OF SELENIUM* 

FRANK L. CHAN 
Aerospace Research Laboratories 

Wright-Patterson Air Force Iktse, Ohio, U.S.A. 

Sammary-A nmber of organic compounds have been screened as 
reagents for the sp~tro~hotomet~c determination of small amounts 
of selenium. 4,~-Di~mo~~op~~e shows promise for this 
determination. In ammoniacal solution, even on long standing, this 
reagent is coiouriess in the presence of quadrivalent selenium. However9 
at pH 15-25 or lower, 4,5-diamino-6-thiopyrimidine forms a yellow 
colour with quadrivalent selenium, and this has a strong absorption 
peak at 380 rnp when compared with a reagent bhurk of the same con- 
centration. Beer’s Law holds when the seieni~ concentration is 
between Cl-25 pg per ml. The conditions for the quantitative deter- 
mination of selenium have been investigated. When selenium in solu- 
tion is in the quadrivalent state, measurement of absorption shouid be 
carried out within 30 min of the addition of the reagent. On longer 
standing, the reagent gives a siight yellow &our with the formation of 
eIementa1 selenium. The fo~atio~ of elemental selenium is slow in 
dilute solutions of selenium. 

INTRODUCTION 

THE Aerospace Research Laboratories have been actively engaged in the study of 
light-sensitive crystals of the elements of Groups II and IV. Not only have pure 
crystals, prepared from one element in each of these groups, been studied, but 
solid solutions in the form of single crystals prepared from three elements have 
also &en made. These crystals of solid solutions differ in their electrical resist&y, 
~~oto~o~du~~ty~ ~tra~olet-exci~d emission and other phenomena. Crystals pre- 
pared for these studies are in the forms of minute platelets, needles and lumps, 
depending on the static or dynamic method of their preparation,l Because their 
physical properties and especially their phot~lect~c properties are affected by their 
chemical composition, reliable chemical methods for their analysis is of the utmost 
importance in correlating the various phenomena under investigation. 

Physical and chemical methods for the dete~ina~o~ of single crystals of solid 
solutions of cadmium sulphide and zinc sulphide have been investigated.8 Methods 
for selenium determination in single crystals, of solid solution of cadmium selenide 
and cadmium sulphide, ranging in weight from 10 pg to 20 mg, are likewise under 
active investigation. 

In the course of examining possible reagents for the s~~ophotom~t~~ and 
s~o~uorime~& de~rmination of selenium in semiconductors it has been dis- 
covered that 4,~-diami~o”6-t~op~midine (4,5D6TP) gives a yellow colour in the 

* Paper presented at the Eleventh Detroit Auachem Conference, October 21-23,1963, 
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presence of quadrivalent selenium. Both aqueous and alcoholic solutions produce 
this yellow coloration at the specified pH. 

In general, the sp~trophotomet~~ determination of selenium is based on two 
types of reaction: 

(1) A reduction of its quadrivalent state to elemental selenium with the formation 
of a coloured substance. 

(2) A reaction between the o-diamine fragment of an aromatic compound to form 
a coloured piazselenol. 

In fact, a compound such as 4,5D6TP possesses functional groups capable of 
reacting with selenium to form a piazselenol. Its reaction can also involve a reduc- 
tion of quadrivalent selenium to its elemental form. The present work has indicated 
that this new method is essentially of type (l), although a complex intermediate may 
have been produced.s 

Spectrophotometrically, the sensitivity of this compound4 is more than twice 
that of prevailing methods such as the s~c~ophotome~c method using 3,3’-diamino- 
benzidine.6* Unlike most piazselenol methods, where the coloured products are 
extracted into a second solvent,s-* spectrophotometric determination by this method 
can be performed directly on the aqueous solution. After addition of 4,5D6TP and 
adjustment of the pH to between 1.5 and 2.5, readings can be taken after 30 min 
standing. The method has been used to analyse synthetic samples containing selenium 
and various foreign ions. It has also been su~ssf~y applied to the determination of 
selenium in single crystals of a solid solution of cadmium selenide and cadmium 
sulphide, 

Elemental selenium formed from solutions containing quadrivalent selenium and 
4,5D6TP has been successfully collected as thin layers, using an apparatus designed 
for the purpose. These thin layers can be determined by X-ray fluorescence, using a 
molybdenum target. This procedure has been described in a separate paper.s 

EXPERIMENTAL 
Apparatus 

A Beckman spectrophotometer, Model DU, with matched l-cm Corex cells was used. For pH 
determination, a Beckman pH meter, Model Zerometic, equipped with general purpose efectrodes, 
was used. 

Reagents 

Standardselenium solutions: For the preparation of standard selenium solutions, several materials 
of high purity were employed, Two stock solutions were first prepared using entirely different 
procednres. In one of these procedures, a weighed amount of pure selenous acid was placed in a 
Z-litre volumetric flask. The quantity of selenous acid used was sufficient to give a selenium content 
of 1 mg per ml. The exact content of seienium was determined on an aliquot of the solution in 
suitable size beakers, both ~~e~~~y and tit~e~~y. For the gravimetric method, a pro- 
cedure using 4,5D6TP has been adopted as well as the one recommended by Hillebrand. Lundell, 
Bright and Hoffman.1o For the titrimetric method the selenous acid was titrated iodimetricahy after 
being treated with an iodide in the presence of nitric acid. The liberated iodine was titrated in the 
usual mmer by sodium thiosulphate. This procedure has been recommended by Willard and 
DiehI.” The selenium contents, as determined by both methods, were in agreement. 

A second stock solution was prepared by using high purity elemental selenium. The seIenium 
used was claimed to have a purity of 99.9991-x. Emission spectrographic analysis shows onIy 

* Note: It has been reported r* that 3,3_diaminobenxidene is suggested to have carcinogenic 
properties, and that it should be handled with care. Aminopyrimidine has also been stated to have 
growth-inhibiting propertiessO The 
4,5-diamino-6-thiopyrimidine. 

present author, therefore, recommends caution in handling 
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trace amounts of impurity. A 500-mg portion of this material was weighed out and treated with 
2 ml of fuming nitric acid in a 50-ml covered beaker. After having reacted completely, the solution 
was evaporated to dryness on a low temperature hot plate, at 4&56’. The selenium was then con- 
verted to the quadrivalent state by evaporating twice to dryness with 2 ml of 6M hydrochloric acid. 
The dried selenous acid was transferred, and was diluted to 500 ml in a volumetric flask. The pro- 
cedure was repeated three times. Diluted standard solutions containing 10 pg per ml were prepared 
from these stock solutions. They gave the same selenium content by the spectrophotometric method 
using 4,5D6TP as the reagent. 

4,5-Diamino-6-thiopyrimidine: Five lots of the reagent purchased at different times over a period 
of 1 year* were colourless in appearance. (The preparation of the compound has been described 
in the literature.l*) Recrystallisation of this material from absolute alcohol did not show any differ- 
ence from the original material when used for the spectrophotometric determination of selenium. 
X-ray single crystal rotation photograph+* as well as X-ray powder patterns appear the same for 
the recrystallised and the original materials. 

Infrared snectra taken with this material are the same as those reoorted in the literature.l* This 
material was ‘found to melt at 256258’.r* 

I 

Chemicals for cation andanion interferences: To test for interference from foreign ions, analytical 
reagent chemicals were used without further purification. 
3 mg per ml of the ion. 

Solutions were usually made up to contain 

Before the determination of selenium in a solution, a calibration curve, absorbance vs. con- 
centration, was made. Appropriate quantities of the diluted standard solution, sufficient to give 
O-l-25 ,u&nl of selenium for a total final volume of 20 ml (or other designated volume), were 
pipetted mto glass-stoppered 50-ml flasks. To each of these standard soluti&s were added 3.0 ml 
of 0.3MHCl and enouah distilled water to make a total of 12 ml. With each of the selenium solutions 
a blank solution was ilso prepared, using the same quantity of acid and enough water to give a 
volume of 12 ml. Eight ml of 4,5D6TP (0.02 %), freshly prepared from tinely divided powder, were 
added to each solution and to each blank. 
blank solution was taken. 

After 30 min the absorbancy of each solution against its 

Determination of an unknown solution was carried out in exactly the same manner as for the 
calibration solutions. For an accurate result by this method two known solutions (with blanks), 
having the concentration of selenium in one shghtly higher and in the other slightly lower than 
that of the unkn~wn,~~ were also determined. 

To determine the amount of selenium in semiconductors containing solid solutions of cadmium 
selenide and cadmium sulphide, an amount of the semiconductor ranging from 20 lug to 1 mg was 
weighed out, using a Cahn electro-microbalance, and was placed in a IO-ml covered beaker. To the 
sample was added 2 drops of fuming nitric acid. After the disappearance of brown fumes, 6 drops 
of 1: 1 (v/v) hydrochloric acid were added, and the mixture was allowed to evaporate to dryness on 
a low temperature hot plate (about 50-60’). To ensure complete conversion of all the selenium to 
the quadrivalent state, the mixture was evaporated again with a few drops of hydrochloric acid. 
The remainder of the procedure was the same as that for the preparation of standard solution. 

RESULTS AND DISCUSSION 

Characteristics of absorbance spectra 

Two absorbance curves, A and B, are shown in Fig. 1. A1 is the curve for quadri- 
valent selenium treated with 4,5D6TP, and B, is the curve for 4,5D6TP alone, the 
pH for both being l-5. A, and B, are enlarged portions of curves A1 and B,. These 
curves were taken with water as reference. A comparison of selenium solutions 
treated with 4,5D6TP and a reagent blank of the same concentration, with a maximum 
absorbance at 380 mp, is shown in Fig. 2. The molar absorptivity at this wavelength, 
based on a number of observations, was 19,200. Curve A and curve B in Fig. 2 
contain, respectively, l-5 ,xg and 2.5 ,ug selenium per ml. Although the maximum 
appears at 380.m,u, appreciable absorbance of the blank solution is noted at this 
wavelength. An inspection of curves A, and As and of curves B, and B, in Fig. 1 

* Chemical Procurement Laboratories, Inc., 18-19 130th Street, College Point 56, N.Y., U.S.A. 
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FIG. 1 .-Absorbance spectra in aqueous solution: 

A,andA,: 2~5~gofSeperml;pH1~5;4,5D6TP(~02~),0~4mlpermloffinalsolution. 
B, and B,: Blank; pH 15; 4,5D6TP (@02x), 0.4 ml per ml of final solution. 
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FIG. 2.-Absorbance spectra of two typical selenium solutions vs. reagent blanks. 
Dotted line (1) indicates maximum absorbance and dotted line (2) indicates maxi- 
mum ratio (selenium solutionabsorbance: blankabsorbance)ascomparedwithwater : 

A: 1.5 ,ug of Se per ml. 
B: 2.5 ,ug of Se per ml. 

Blanks and solutions: pH 1.5; 4,5D6TP (@02 %), O-4 ml per ml of final solution. 
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TABLE I.-EFFBX OF AC!EDlTY ON ABSORBANCE* 

HCI in final 
solution, M 

Absorbance 

380 rnp 410 rnp 

None (distilled water) 0.015 0.007 
O-009 0.370 0260 
0.045 0363 0.256 
3-o 0.260 0.176 

* 10 ml of final solution contains 15 rg of selenium 
and 4 ml of @02x 4,5D6TP. 

reveals that at 410 rnp the absorbance for the blank has been reduced two and one-half 
times as compared with the absorbance for the selenium solution. In one set of 
results the ratio of absorbance for selenium solution treated with 4,5D6TP to that of 
the reagent blank of the same concentration was 6.35 at 380 mf;l as compared with 
15.45 at 410 m,u. It is therefore recommended that two readings, one at 380 rnp and 
another at 410 m,u be taken for analysis by this method. Fig. 3 shows two calibration 
curves used for the quantitative analysis of selenium. 

Efect ofpH 
The colour intensity of quadrivalent selenium treated with 4,5D6TP is dependent 

on the acidity of the solution. The solution is colourless in ammoniacal solution. 
The optimum pH is between 15 and 2.5. Table I shows the absorbance at different 
acidities, measured at 380 rnp and at 410 rnp. The solutions under investigation were 
neutral, and appropriate quantities of hydrochloric acid were added to give a pH of 
1*5-25. For semiconductors containing solid solutions of cadmium selenide and 
cadmium sulphide, oxidation of the selenide and sulphide was carried out with 
concentrated nitric acid, aqua regia or fuming nitric acid, and the solutions were 

pg of Seknium/ml 

FIG. 3.-Absorbance its. selenium concentration. pH l-5; 4,5D6TP {O$j2%), 0.4 ml 
per ml of final solution. 

4 
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Rtx 4.-E&& of time on the absorbance between 370 nqva and 410 mp. Solution and 
blank: PH 1.5; 4,5DF6TP (@02%), @4 ml per ml of final solution. 

subsequently treated with hydrochloric acid to convert to quadrivalent selenium. Any 
excess acid was removed by evaporating at slightly elevated temperature to dryness. 
It is essential that the pEI of the solution be adjusted before making absorbance 
measurement. Besides hydrochloric acid, formic acid has been used successfully. 

Effect of standing time 

The absorbance of solutions containing @5-2.5 @/ml of selenium changes but 
slightly between 30 min and 1.5 hr. On longer standing, especially for solutions with 
higher con~ntrations of selenium, the absorbances of the solutions decrease appre- 
ciably? For example, on 24 hr standing, solutions containing 2.5 pg/ml decreased 
by 6-10x. Fig. 4 shows the effect of standing time on the absorbance between 
370 m,u and 410 mp. The change in absorbance probably arises from two factors. 



One of these is the air oxidation of 4,5IXTF at pH 15-25, Blanks to investigate the 
extent of this oxidation were allowed to stand from a few hours to 14 days. At the 
end of 9 days standing, the absorbance at 380 rnp was eleven-fold compared with 
blanks freshly prepared. At the end of 14 days the absorbance was similar to that 
after 9 days. When these results were plotted against the corresponding wavelengths, 
the shape of the curves were much the same as for those obtained using selenous acid 
to react with the reagent. A search of the recent literature has revealed that most 
reagents available for the spectrophotometric determination of selenium are subject 
to air oxidation to some degree&-7JeJ7 and the same has been found in this laboratory 
for the determination of selenium using 3,3’-diaminobenzidine as reagent, the 
reagent turning red after a few hours at room temperatureP Lott et ai.? have pointed 
out that the air oxidation of ~~3-diaminonaphthalene is pronounced, especially when 
heated. 

The second factor causing the change in absorbance on standing is the formation 
and coagulation of selenium. It can be seen on the bottom of the container, especially 
in solutions with 1 pgfml or more of selenium. However, this factor is not pronounced 
compared with air oxidation, In a recent paper l* the same conclusion has been 
reached. 

The reproducibility, in terms of 7; standard deviation, is shown in Table II. 
Twenty-four observations were made using standard selenium, solution, and from 
these the % standard deviation was calculated. Absorbance readings taken after 
30 min and aftir 2.5 hr standing differed by a few tenths to 3 7;. 

TABLE fI,REPxODrJcIB~ OF THE PRuPosa3 METHOD ON SrANrMEzD sELEmh4 soLxJTI0la 
(3@0 iyg OF SELENWM IN 20 Illi OF FINAL SOLUTION) 

Se found,* Detiation, (Devia$on)~, Se found,+ Deviation, (D&ition)*~ 
&I % a pg % % 

30.1 +0,33 
29.9 -0.33 
29.9 -0.33 
30-o *to.00 
29.8 -0.67 
30.2 $_0*66 
29.9 -0.33 
30.2 t-066 
302 i-o-66 
29.8 -@67 
29.7 -1-01 
305 17-64 

0*1089 30.2 
O”1089 29.6 
Cl089 302 
OOO 30.2 
04489 27.6 
0.4356 30.4 
@lo89 304 
04356 30.2 
0*4356 30.2 
04489 3Q.o 
1.0203 30~2 
26896 29.6 

% standal rd deviation = @88. 

$0.66 
-1*X5 
$@66 
$P66 
-1.35 
$1.32 
+1*32 
+0*66 
+a*66 
i-W0 
+066 
--1.35 

04356 
1.8225 
0.4356 
04356 
I.8225 
1.7424 
1.7424 
0.4356 
O-4356 
MOO0 
o-4356 
l-8225 

* Selenium found in the first column was based on absorbance measuremerits taken at 380 mp; 
in the fourth column 410 my. 

E$j%~t of reagent concentration on absorbance 

Fig. 5 shows that in a series of solutions containing 1.5 pg/ml of selenium the 
absorbance increases as the reagent is increased, up to a certain concentration. 
Beyond the threshold concentration the absorbance remains constant. 

Various ions were pnrposely added to the solutions to ascertain their effect on the 
determination of selenium by this method. Table III shows some of the ions used for 
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FIG. 5.-Absorbance of selenium solution containing varying amounts of 4,5D6TP. 
Abscissa shows ml of @02 % reagent in 10 ml of selenium solutions and blanks. 

(pH 1.5; selenium 1.5 ~18 per ml; wavelength 380 mp.) 

this investigation. In general, the ions listed have a negligible effect on the determina- 
tion of selenium by this method. These diverse ions in solutions were such that 
their concentration was 500-fold that of the selenium present. In Table IV is 
listed a number of ions commonly known to interfere with the spectrophotometric 
determination of selenium. Ions such as Few, FeU-, S,0s2-, SOa8-, BrO,- and Cu2+ 
must be removed, or the solution must be treated with reagents for the formation of 

TABLE III.-EFFECT OF DIVERSE IONS ON THE DETERMINATION 
OF SELENIUM’ 20 ml OF FINAL SOLUTION CONTAINS 

(30 ./Jg OF SELENIUMIV) 

SeIvb Error, 
Ion found, pg % 

CdS+ 304 +1*3 
ZnB+ 30.2 +07 
AP+ 30.8 +2.6 
MgB+ 30.2 $0.7 
Bae+ 30.0 10.0 
Sra+ 30.7 f2.3 
Li+ 28.9 -0.6 
Na+ 29.9 -0.3 
Kf 30.5 +1*7 
NHa+ 300 kO.0 
Cl- 306 +2.0 
F- 28.7 -0.4 
Br- 29.8 -0.7 
NO*- 28.9 -0.4 
so,a- 29.8 -0.7 

B Diverse ions in solution, 15,OOO~g; ratio of 
diverse ion to selenium 500; pH 1.5; each ml of tinal 
solution contains 0.4 ml of 0.02 % 4,5D6TP. 

b Average results from absorbance values taken at 
380 w and 410 rnp. 
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TABLE IV.D-_nss 10x-a wmCr-i NORMALLY ~~~~ 

SELBNIUM DRAGON 

Solution contains 15 &nl of Se, pH 15,500 ,q of diveme ion per 
flag of Se, 0.4 ml of 0.02 % 4.5D6TP 

Diverse 
ion 

Appearance after adding 
4,SD6TP 

Absorbance 

380 rnp 410 m,u 

None 
Fe”+ 
MOO,‘- 

Fe*+ 
S&s,“- 

so,‘- 
BIG,- 
CW+ 
CiO,- 
C,O*“- 
ClO,- 
I- 

Yellow colour 
Yellow colour 
Very cloudy on standing, 

with green colour 
Yellow colour 
Cotourl~ with formation 

of precipitate 
Trace of yellow colour 
Yehow &our 
Yellowish green 
Yellow coiour 
Yellow colour 
Yellow colour 
Yellow colour 

0.360 @256 
Grossly interfere 
Grossly interferea 

0*500 0.343 
0,295 0.300 

o-011 0.014 
0.621 @302 
O-205 0.150 
0.382 0.275 
0.358 0.255 
0.363 0.256 
0366 0,264 

complex ions before selenium is determined. CoppeP and ironru can conven- 
iently be removed by liquid-liquid extraction with chloroform, as the cupferrates. 
Ions such as C,04s-,ClO,- and I- do not affect the quantititative determination by the 
present method. The presence of ClOa- gives a somewhat higher result, as shown in 
Table IV. In a recent paper18 these ions are listed as inte~ering with the dete~nation 
of selenium. 

Determination of selenium in semiconductors 

A number of solid solutions of cadmium selenide and cadmium sulphide were 
prepared by the vaporization method at temperatures above 1200”. These samples 
were analysed for their selenium content by titrimetric and gravimetric methods, as 
described above. A few tenths of a mg or less of these samples were weighed out and 

TABLEV.-SPECPROPHOTOMERIC DETERMINATION OF SELENIUMIN SOLID 
SOLUTIONS OF CADMIUM SBLENIDE AND CALMIUM SULPHIDE BY 4,5- 
DIAMINO-6-THIOPYRIMIDINB: AQUEOUS SOLXJTIONS FROM SEMICONDUCTORS 

Selenium, pprn 

0/a by weight of selenium 
in semiconductors Present Found Average 

(4 19.85 0.98 @89 0.96 
1 so2 

(B) 5oQO 222 2.14 
2.27 
218 2.20 

(C) 60-99 (1) 8.91 8.35 8.35 
(2) 718 7.17 7.17 

@) 69.77 3-18 3.00 
3.00 3.00 

(E) 79.36 248 223 
2.16 2.20 
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the selenium was converted to its quadrivalent state. The selenium, in parts per 
million, is shown in Table IV. Appropriate quantities of these solutions were pipetted 
out, and the selenium determined spectrophotometrically using 4,5D6TP. The results 
are shown in Table IV. This method is applicable to samples in the form of small 
needles weighing 20-30 ,ug or more. An individual needle can be taken for analysis. 

CONCLUSIONS 

1. 4,5-Diamino-6-thiopyrimidine has been found to give a colour reaction with 
selenium in its quadrivalent state. Spectrophotometric determination of this element 
in solution can be carried out at the maximum peak of 380 rnp, using a reagent blank 
of the same concentration and prepared at the same time. The determination can 
also be made at 410 rnp, where the blank absorbance is comparatively low. 

2. Because elemental selenium makes its appearance on standing, the reading of the 
absorbance should preferably be taken within 30 min of the addition of the reagent. 
However, the trace of elemental selenium does not greatly affect the result, especially 
in the early stage of its formation. This was confirmed by other investigators on 
reactions in which elemental selenium is one of the end-products. For accurate 
determinations, two known solutions with concentrations one slightly above and one 
slightly below that of the unknown should be used as controls. 

3. The slow formation of elemental selenium has the added advantage of supple: 
menting the spectrophotometric determination of this element. It further confirms 
the results from absorbance for determination of this element. Elemental selenium 
so formed can be collected in a thin layer and this layer can be determined by an 
X-ray fluorescence method involving no matrix effect, the procedure of which has 
been published in a separate paper. 

4. Preliminary experiments have been carried out on the Tyndall effect and light 
scattering phenomena of this reaction. Both X-ray single crystal rotation photo- 
graphs and X-ray powder patterns have been taken for the reagent and the treated 
material. Nuclear magnetic resonance spectra have also been taken during the course 
of the reaction for 4,5D6TP, as well as for other substances, such as o-phenylene- 
diamine and 2,3_diaminonaphthalene, with and without selenium. These spectra 
are being studied along with infrared and ultraviolet spectra. Elemental micro- 
analysis on the treated material are currently being made, and these results will be 
correlated with other results available. 

Zusammeafassung-Eine Anzahl von organischen Verbindungen 
wurden auf ihre Eignung zur spektralphotometrischen Bestimmung von 
kleinen Selenmengen gepriift. 4,5-Diamino-6-thiopyrimidin verspricht 
dabei gute Ergebnisse. In ammoniakalischer Liisung bleibt das 
Reage& in Gegenwart vierwertigen Selens such bei la&em Stehen 
farblos. Bei DH 1.5 bis 2.5 oder niedriaer bildet sich daaeaen eine 
gelbe LijsungL mit -starkem Absorptionsmaximum bei 38st@, ver- 
glichen mit der gleichkonzentrierten Reagenslosung. Das Beersche 
Gesetz gilt bei Selenkonzentrationen zwischen 0,l und 2,5 Mikro- 
gramm Fro Milliliter. Die Bedingungen fur die quantitative Bestim- 
mune von Selen wurden eenriift. Wenn Selen in der Liisune vierwertie 
vorliigt, sollte die Abso~@tionsmessung innerhalb 30 M&&ten nacc 
Zugabe des Reagens ausgefiihrt werden. Bei langerem Stehen gibt das 
Reagens eine schwach gelbe Farbe unter Bildung von elementarem 
Selen. In verdiinnten Liisungen geht die Bildung von elementarem 
Selen langsam. 
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R&m&-Un certain nombre de composes organiques ont et6 examinb 
pour le dosage spectrophotometrique de petites quantites de s&rium. 
La 4,5-diamino-6-thiopyrimidine s’est rev&e prometteuse pour ce 
dosage. En solution ammoniacale, meme apr&s un long repos, ce 
r&a&if est incolore en presence de s&nium tetravalent. Toutefois, 
a pH 1,5 li 2,5, ou inferieur, la 4,5-diamino&thiopyrimidine developpe 
une coloration jaune avec le s6l&ium tetravalent est p&sente un fort 
pit d’absorption a 380 m,u, lorsqu’on effectue la comparaison par 
rapport a un t&moin de r&&f 51 la meme concentration. La loi de 
BEER est respect&e lorsque la concentration en dl&ium est comprise 
entre 0,l et 2,5 microgrammes par millilitre. On a Btudie les conditions 
de dosage du s%nium. Lorsque le selenium en solution est tl l’etat 
tetravalent, la mesure de l’absorption doit etre effectute au plus tard 
trente minutes aprb l’addition du r6actif. Par un repos plus long, le 
reactif presente une leg&e coloration jaune avec formation de selenium 
elementaire. La formation de s&nium Clementaire est lente en solu- 
tions dilutes de stltnium. 

REFERENCES 

i L. C. Greene, D. C. Reynolds, S. J. Czyzak and W. M. Baker, J. Chem. Phyr., 1958,29,1375. 
* Frank L. Chan. Aduances in X-ruv Analvsis. Edited bv W. M. Mueller. Plenum Press. New York. 

1962. Vol. 5, pp. 142-152. ’ ’ ’ ’ 
8 Roger Adams, Editor-in-Chief, Organic Reactions. 

Vol. 5. 
John Wiley & Sons, Inc., New York, 1949, 

t E. B. Sandell, Calorimetric Determination of Traces of Metals. Interscience Publishers, New 
York, 1950. 

5 K. L. Cheng, Analyt. Chem., 1956,28, 1738. 
6 H. Ariyoshi, M. Kiniwa and K. Toei, Tulanta, 1960,5, 112. 
’ P. F. Lott, P. Cukor, G. Moriber and J. Solga, Analyt. Chem., 1963,35,1159. 
B C. A. Parker and L. G. Harvey, Analyst, 1962,87,664. 
D Frank L. Chan, Detection, Confirmation and Determination of Trace Amounts of Selenium by X-ray 

Methods. Paper presented at Twelfth Annual Conference on Application of X-ray Analysis, 
August 7-9, 1963. 

lo W. F. Hillebrand, G. E. F. Lundell, H. A. Bright, and J. I. Hoffman, AppZied Inorganic Analysis. 
Wiley, New York, 1953. p. 336. 

I1 H. H. Willard and H. Diehl, Aduanced Quantitative Analysis. D. Van Nostrand Co. Inc., New 
York, 1942. p. 367. 

I* Frank L. Chan, Norelco Reporter, Philips Electronic Instruments, 1963, Vol. 10, pp. 133-140; 
X-ray Camera Attachment, U.S. Patent 3,079,500, other patents pending. 

I* W. C. Coburn, Jr., W. R. Laseter and C. V. Stephenson, A Fwukzmental Study of the Infrared 
Spectra of Substituted Heterocyclic Nitrogen Compounds, Contract No. AF 49(638)-667, AFOSR- 
973, Directorate of Chem. Sciences, AFOSR, Wash, 25. D.C., June 1961. 

I4 D. J. Brown, The Pyrimidines. Interscience Publishers, New York, 1962. 
I6 I. M. Kolthoff and P. J. Elving, Editors, Treatise on Analytical Chemistry, Part ZZ, Vol. 7, Analytical 

Chemistry of the Elements. Interscience Publishers, New York, 1961. 
l8 E. Sawicki, Analyt. Chem., 1957,29,1376 . 
I7 J. Hoste, Analyt. Chim. Acta, 1962, 27, 288. 
l8 G. F. Kirkbright and J. H. Yoe, Anulyt. Chem., 1963,35, 808. 
lo I. Serlin, ibid., 1963, 35, 2221. 
a0 A. Schrage and G. H. Hitchings, J. Org. Chem., 1951, 16, 207. 



A NEW OXIDIMETRTC REAGENT: 
POTASSIUM DICHROMATE IN A STRONG 

PHOSPHORIC ACID MEDIUM--ZV” 

TITRIMETRRZ DETERMXNATRIN OF URANIUMrv ALCXNR j%ND IN 
MTXTURE WITH TRGNxr, MANGANESEri2 CERTUMrrr OR VANADTUMrv 

EWDX$ and Eldridgel were apparently the first to have attempted the titration of 
uramunP with potassium dichtomate using an electrometric endpoint. They re- 
duced a solution of uraniumvr, heated to 80” in a Jones reductor# and titrated the hot 
x~ktion in an inert atmospheres with potassium dichromate. ‘I%e potential (El US. 
volume iT6) showed two broad ir&xtion pain@ the Srst ~~~pa~di~~ to the tit&on 
of ~~~rn~ and the second to the ovation of uran&zmrv~ Because the crnve corre- 
young to the second part of the fLitration does not ckarly s$xSw the apron po& 
Ewing and EkbSdger ~#~p~~~ ttxe ecp&&x~ce p&g of the ~~~rn~ titration from 
the hE(dv VS. V curve. beg the concentration of sufp$urio 2142% was varied from 
0*36.F to 3-(5F, they observed that while the shape of the iirst part of the curve was not 
very much affected, the second part was greatly intluenced in that the end-point could 
not be detected when the concentration of sulphmic acid was above @36F. 

Relcher, Gibbons and West1 investigated the reverse titration of potassium di- 
chromate with a solution of wraniumrv chloride and recommenrled a temperature 
of 60’ for the titration because they believed the reaction to be sliuggish at room 
temperature. Miller and Thoma8& also found that the electrometric titration of 
~~~~~~ is not feasible at room tem~rature with potassium dic~~Qrn~~. A tbermo- 
metric titration proved poss&lo5 however, and as B&e aa S mg of ~~~~~ co&Z be 

* Par% xx: See T&&q Sk%, P3,825. 
f&Q 
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determined with a relative standard error of -j_- 1.0 %. Taking this along with the 
observation of Rao, Murty and Gopala Rao4 that the titration of uraniumIV is possible 
at room temperature using N-phenylanthranilic acid as redox indicator, one has to 
conclude that the reaction between uraniumIV and potassium dichromate must be 
very fast and not slow as believed by previous investigators. The difficulties noted 
in the electrometric titration must be caused by the inertness of the platinum electrode 
in titrations involving chromium ions3 and uranyl ions.6 

The difficulties encountered in the titration of uraniumIV with potassium dichro- 
mate using diphenylamine, barium diphenylamine sulphonate or diphenylbenzidine 
have been discussed by Kolthoff and Lingane. 6 The main difficulty was ascribed to 
the slowness of the colour development of the indicator at the end-point. They found 
that the uraniumV1 salt formed retards the colour change of the diphenylbenzidine 
indicator, and overcame the difficulty by the addition of an excess of ironlI1 alum 
solution and titrating the ironI formed with potassium dichromate. 

In view of the difficulties experienced in the electrometric titration of uraniumrv 
with potassium dichromate in hydrochloric and sulphuric acid media at room tem- 
perature, we have now carried out investigations on the titration in a phosphoric acid 
medium. It has been observed that uraniumIV can be titrated directly with a standard 
solution of potassium dichromate at room temperature with a potentiometric end- 
point in a 3-12M phosphoric acid medium. From the previous publications’*a from 
these laboratories it will be obvious that the potentials of the chromiumV1/chromiuml” 
and uraniumV1/uraniumN couples are quite suitable for a chemical reaction to occur 
at the concentrations of phosphoric acid prescribed. 

EXPERIMENTAL 

Potentiometric Titration of Uraniumlv with Potassium Dichromate 
in a Phosphoric Acid Medium 

Reagents 

Uraniumxv solution. An approximate1 O.lN solution of uraniumvr is prepared in 1M sulphuric 
acid from analytical-reagent grade many iy acetate supplied by British Drug Houses Ltd., England. 
This is reduced in a Jones reductor and aerated to give uraniumrv solution, which is standardised 
against potassium dichromate according to the procedure of Kolthoff and Lingane6 using diphenyl- 
amine sulphonic acid as indicator. 

Phosphoric acid. “Pro Analysi” grade phosphoric acid (ca. 155M) supplied by E. Merck, 
Germany, is employed in this investigation. 

Apparatus 

The apparatus employed is as described previously.’ 
The potentiometric titration of uraniumrv with potassium dichromate is impossible when the 

concentration of phosphoric acid is leas than 3M because under such conditions uraniumrv phosphate 
precipitates. Titration is possible, however, at all concentrations of phosphoric acid from 3M to 
12M at the equivalence point. The time required for the attainment of steady potentials is about 
1 min in the early stages and 3 min near the equivalence point. The potential break is about 70-90 
mV/O+l ml of O.lN potassium dichromate solution when the concentration of phosphoric acid is 
3-9M, at the equivalence point, and it rises to about 140 mV and 180 mV when the concentration 
of phosphoric acid is 105M and 12M, respectively. Typical results are presented graphically in 
Fig. 1 for titrations carried out in 3M and 12M phosphoric acid. 

Procedure 

From 2 to 10 ml of @lN uraniumlv solution is taken in a 150-ml Pyrex beaker and treated with 
sufficient phosphoric acid (10-50 ml) and water such that the concentration of phosphoric acid is 
3-12M at the equivalence point. The mixture is connected to a saturated calomel electrode through 
a saturated sodium perchlorate bridge and a saturated sodium nitrate bridge. A bright platinum rod 
is used as indicator electrode. The mixture is titrated at room temperature with O.lN potassium 
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Some typical results of titralioxzs 6Wcki out in 6A4 phosphoric acid are given .in Table I. The 
WPX is not greater than f0%27O/. Similar results are obtained with media containing phosphoric 
acid at ather concentrations in the EUI~ 3 to 12M. The method now develo 
cxnt improvement over the dichrctrW6 prdure of Ewing and Eldridgl Pd 

constitutes a sign& 
which requires a tem- 

I? 
mture of 80’ and an inert atrnosphem kx the potentiometric titration. 

owevet, the potential break is poor. 
E.%VWI under these conditions, 
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potentials cannot be obtained and there is no break at the equivalence point. At a phosphoric acid 
concentration of 7*5M, however, chloride no longer interferes if the over-all chloride concentration 
is O*lM, but only if it is 0*25M. When the concentration of phosphoric acid is 3-6Mat the equivalence 
point, chloride does not interfere even at 0*25M concentration. However, the potential break at 
the in&&ion point is then reduced from about 90 mV to about 40 mV. 

Nitrate and higher valency states of metals such as molybdenum, tungsten, vanadium, iron, etc., 
which are also reduced in the Jones reductor, interfere. If the phosphoric acid concentration is 
3-9M, manganesdl and ceriumlll do not interfere. Above a phosphoric acid concentration of 9M 
both ~ranium~~ and manganese” (or ceriumnl) react with potassium dichromate and the reaction 
between uraniumlV with manganesem or ceriumlv 
min for the stabilisation of potentials. 

under these conditions is slow, requiring 10-30 
The interference of ironI can be eliminated by carrying out 

the titration in phosphoric acid of concentration greater than 11*5M, because for such a mixture 
two different potential breaks are obtained (see below). Cobalt”, zinc” and nickelI do not interfere, 
and neither do sulphuric and perchloric acids (in concentrations of about 1N). 

DiJYerential Potentiometric Titration of IronI’ and UraniumIv in Mixture 

Ewing and Eldridgel stated that when a mixture of uraniumlll, uraniumlV and 
ironI is titrated with potassium permagnanate at about 80” in an atmosphere of 
carbon dioxide, three inflections are obtained. The first corresponds to the oxidation 
of uranium111 to uraniumrv, the second to the oxidation of uraniumlV to uraniumV1 
and the third to the oxidation of ironI to iron III. The inflection corresponding to 
uraniumrv oxidation is not sharp, and with increasing concentration of sulphuric acid 
it becomes more and more indistinct. Moreover, Ewing and Eldridge did not give 
sufficient experimental data to ascertain the accuracy of analysis of their mixtures. 
According to Pappas 9, however, the potentiometric titration of uraniumIV with 
potassium permanganate does not give a sharp break in the potential vs. volume curve 
when ironI is present. The difficulty is said to be overcome by the addition of some 
acetic acid just before the titration. Hahn and KelleylO also experienced difficulty in 
the potentiometric titration of uraniumlV with ceriumrv sulphate in the presence 
of ironrr. They proposed the micro titration of uraniumrv at room temperature by 
complexation of ironI with 1, lo-phenanthroline. However, the method fails for 
the analysis of samples containing much more than 1 mg of iron, even if a corre- 
spondingly larger amount of l,lO-phenanthroline is added. 

Bricker and Sweetserll employed a spectrophotometric method for the differential 
titration of uraniumIV and ironI with ceriumIV sulphate in an atmosphere of nitrogen. 
According to these authors, in the simultaneous titration of uraniumrv and ironI 
with ceriumIV the rate of reaction near the uranium equivalence point is considerably 
slower than in the individual titration of uranium Iv. They believe that this is because 
of the slow reaction between uraniumIV and ironul formed by the partial oxidation 
of ironI before all of the uraniumN has been titra ted. However, they found that the 
rate of the uraniumrv-ironlll reaction can be increased by working at a low acid concen- 
tration, e.g., 0*2N, although there is the risk of the induced oxidation of uraniumIV 
by atmospheric oxygen in the presence of iron I1 . Thus, even the spectrophotometric 
titration procedure prescribed by Bricker and Sweetser l1 is attended with difficulties. 
Recently, Desai and Murthy12 preferred to determine uraniumlV in the presence of 
ironI by oxidising uraniumIV in the presence of iron rl, then titrating the unreacted 
ironlI1 iodometrically. The latter step requires the use of osmium tetroxide for 
accelerating the reaction between ironlI1 and hydriodic acid. In addition to the 
indirect nature of this procedure, it suffers from the disadvantage that it enables the 
determination of only one component of the mixture, namely uraniumIV. Iron’r must 
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be obtained by determining the sum of ironI plus uraniumIV in another aliquot of 
test solution and subtracting the uraniumrv therefrom. 

From the foregoing it is evident that there is no satisfactory method for the direct 
titrimetric determination of both ironI and uraniumIv in the same solution. 

We have now observed that when a mixture of iro# and uraniumrv is titrated potentiometridy 
at room temperature with potassium dichromate in a medium containing ll*S-13%4 phosphoric 
acid, in an atmosphere of carbon dioxide, two well-defined breaks are obtained in the potential us. 
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FIG. 2.-Differential potentiometric titration of a mixture of uraniumm (57.59 mg) and 
iron11 (31.71 mg) with @2N potassium dichromate in a 12M phosphoric acid medium. 

volume curve. The Crst break corresponds to the oxidation of ironI to iron”’ and the second to 
the oxidation of uranhuG to uranium v1. Until near the equivalence point for iron” potentials are 
stabilised within 1 min, but at the equivalence point one has to wait 10-15 min for the attainment 
of stable values. The potential break at the equivalence point is about 190 mV/OO4 ml of 0.2N 
potassium dichromate solution. During the titration of uranhuG stable potentials are attained 
within about 1 min in the early stages and in about 3 min at the equivalence point; the potential 
break is about 260 mV/OG4 ml of 0.2N dichromate. For an accurate determination of iron” all 
solutions must be deaerated before the addition of phosphoric acid to the mixture containing ironI 
and uraniumrv and rigorous precautions taken to prevent the leakage of atmospheric oxygen into 
the titration vessel, otherwise the titre for iron” will be low. Unlike that of iron”, the determination 
of uraniumlv is unalRcted by the presence of oxygen. 

Procedure 
About 10 ml of the solution containing iron” and uraniumm is taken in the titration vessel and 

the dissolved air expelled by passage of carbon dioxide for about 10 min. Sufficient deaerated 
phosphoric acid to give a concentration of 115Mat the first equivalence point is added and an atmos- 
phere of carbon dioxide maintained thereafter. The solution is titrated with 0.2N potassium di- 
chromate solution using the potentiometric assembly already described, electromagnetic stirring 
being maintained during the titration. 

A typical potentiometric titration curve is given in Fig. 2. Typical results of assays of ironI and 
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uraniumtv made by the above procedure are presented in Table II. They show that the error of 
determination for ironI is not greater than -052 % and that for uraniumlv not greater than ho.35 %. 
This accuracy and simplicity are not attainable with currently available procedures. 

TABLE II.-DIFFERENTIAL POTENTIOMETRIC TITRATION OF IRONII 
AND URANIUM1v IN MDCTURES 

Iron, mga Uranium, mg 
___- 

Taken Found Taken Found 
- - 

11.61 11.55 81.17 80.93 
24.23 24.12 41.89 41.89 
24.34 24.23 66.88 67.11 
25.23 25.13 114.2 114.2 
31.71 31.60 57.59 57.59 
53.37 53.15 51.23 51.17 

a The iron” solution was prepared from Analar Mohrs salt 
and standardised against potassium dichromate. 

Di$erential Potentiometric Titration of lJraniumlv and Manganese” in Mixture 

When a sulphuric acid solution of uraniumvl and manganesevn (or magnanese”) is passed 
through a Jones reductor, a mixture containing uraniumlv and manganeseI’ with a little uranium”’ 
is obtained. The uranium”’ can be converted to uraniumlV by aeration for about 5-10 min. When 
such a solution is titrated with potassium dichromate in a 12M phosphoric acid medium two different 
potential breaks are obtained, the first inflection corresponding to the oxidation of uranium’” and 
the second to that of manganese II. However, this titration is rather tedious because 20-30 min are 
required for the establishment of stable potentials after 50% of the uraniumIv is oxidised and until 
the first break is obtained. After the first break the potentials are stabilised in about 1 min after the 
addition of each portion of potassium dichromate solution. The slow stabilisation of potentials 
for the uraniumlv part of the titration is probably because of the slow reaction between uraniumIv 
and manganesem, formed by the oxidation of manganese” before all uraniumIv is oxidised. We 
have, however, observed that when the concentration of phosphoric acid is maintained at 3-9M 
the potentials are stabilised in about 2-3 min and the break in the potential us. volume curve cor- 
responds to the stoichiometric oxidation of uranium Iv to uraniumvl. If the concentration of phos- 
phoric acid is then raised to above 12M by the addition of further phosphoric acid and the titration 
continued, a second break is obtained which corresponds to the oxidation of manganese” to man- 
ganesenl. 

Procedure 
An aliquot of the mixture of uraniumIv and manganese11 is taken in a 150-ml Pyrex beaker, 

treated with 12.5 ml of phosphoric acid, then sufficient water added so that the total volume is 
25 ml. The mixture is titrated with 0.2N potassium dichromate while it is stirred electromagnetically. 
After the first break is obtained the titration is continued to some distance, the mixture treated with 
enough phosphoric acid (3545 ml) so that the concentration of phosphoric acid is 12M at the second 
equivalence point, then the titration completed for manganese”. 

The first break in potential amounts to about 260 mV/OG4 ml of @2N potassium dichromate 
when the volume of titration solution is about 30 ml and the second break to about 25 mV/OO4 ml 
of 02N dichromate when the volume of titration solution is about 60 ml. A typical potentiometric 
titration curve is shown in Fig. 3. In view of the small break, the second inflection point is best 
obtained from the AE/AV US. V curve. Typical results given in Table III show that the error for 
uraniumlv does not exceed +0*3 % and that for manganeseI’ does not exceed f04%. 

Diflerential Potentiometric Titration of Uraniumlv and Cerium”’ in Mixtures 
When a sulphuric acid solution containing uranium”’ and ceriumtv (or ceriumnl) is passed 

through a Jones reductor, a mixture containing uraniumIv, ceriumrn and a little uraniumIn is ob- 
tained. The uraniumIn can be converted to uranium Iv by aeration for about 5-10 min. When 
such a solution is titrated potentiometrically with potassium dichromate solution in a 12M phos- 
phoric acid medium, we have observed two different breaks in the potential us. volume curve. More 
than 30 min are required for the establishment of stable potentials after 50% of the uraniumlv is 
oxidised, but even with this precaution, the end-point for uraniumvl is prematurely obtained. It 
has, however, been observed that if the concentration of phosphoric acid is 3-9M, the potentials 
are stabilised in about 2-3 min and the break in potential corresponds stoichiometrically to the 
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Volume of potassium dichromote, ml_ 

FIG. 3.-Differential potentiometric titration of a mixture of uraniumlv (50.42 mg) and 
manganese” (53.95 mg) with 0.2N potassium dichromate in a phosphoric acid medium. 

TABLE III.-DEFERENTIAL POTEN~OMETR~C TITRATION OF 

URANIUMIV AND MANGANESEI IN MDLTURES 

Uranium, mg Manganese, rnga 

Taken Found Taken Found 

41.30 41.30 50.79 59.99 
5042 5029 53.95 53.81 
63.66 63.84 3408 34.19 
80.69 80.93 23.74 23.74 

110.4 110.4 27.27 27.27 
155.6 155.6 26.71 26.77 

B For preparation and standardisation of manganese” 
solution see G. Gopala Rao and P. Kanta Rao, Talantu, 1963, 
10, 1255. 

oxidation of uraniumlv to uranium .vr The concentration of phosphoric acid is then increased to 
above 12A4 by the addition of further phosphoric acid and the titration continued until the second 
break in potential is obtained. This corresponds to the quantitative oxidation of ceriumrn to ceriumrv. 

Procedure 

An aiiquot of the mixture of uraniumIv and ceriumm is taken in a 50-ml Pyrex beaker, treated 
with 125 ml of syrupy phosphoric acid, then sufficient water added so that the total volume is 25 ml. 
The mixture is titrated with 0.2Npotassium dichromate solution while it is stirred electromagnetically. 
After the first break is obtained the titration is continued to some distance, the mixture treated 
with sufficient phosphoric acid (3545 rni) so that the concentration of phosphoric acid is 12M at 
the second equivalence point, then the titration completed for ceriumrn. 
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The first break in potential amounts to about 260 mV/OM ml of 02N dichromate solution 
when the volume of titration solution is about 30 ml and the second break to about 50 mV/OW ml 
of 02N dichromate solution when the volume of titration solution is about 60 ml. A typical potentio- 
metric titration curve is shown in Fig. 4. Because the potential break for the ceriumrn oxidation 
is not very large, the second inflection point is best obtained from the AE/AV vs. V curve. Some 
typical results given in Table IV show that the error of determination for uraniumrv is not greater 
than f0.33 y0 and that for ceriumrn not greater than +0.3 %. 
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Fro. 4.-Differential potentiometric titration of a mixture of uraniumlv (6@32 mg) and 
ceriumrlr (7683 mg) with 0.2N potassium dichromate in a phosphoric acid medium. 

TABLE IV, DIFFERENTIAL POTENTIOMETRIC TITRATION OF 
UFCANIUh$v AND CERIUM1” IN MIXTURES 

Uranium, mg Cerium, mg” 

Taken Found Taken Found 

37.25 37.15 80.48 8039 
51.42 51.59 5010 49.94 
60.32 60.22 76.83 77.05 
68.56 68.45 66.80 6696 
72.66 72.83 43.42 43.42 
82.11 81.89 80.98 81.23 

n For preparation and standardisation of Ce”’ solution see 
G. Gopala Rao, P. Kanta Rao and S. Bhanojee Rao, Talantu, 
1964,11,825. 

Differential Potentiometric Titration of Uranium Iv and VanadiumIv in Mixtures 

When a mixture containing uraniumIv and vanadiumm is titrated with potassium dichromate 
solution in a 12M phosphoric acid medium two breaks are obtained in the potential vs. volume 



An aliquot of the mixture of ura&m~~~ and vanadiumip (S-10 ml) is t&kat~ in a I W-ml Pyrex 
beaker and treated with 40-B ml of syrupy phosphoric acid. The mixture: is titrated with @2N 
pot&&urn dichromate solution while it is stirred electromagnetic&y. Tha potentials are noted 
2-3 min after the addition of each portion of potassium dichromate solu$n u~rtil the first equivalence 
paint, then 1 min after the addition of each portion of potassium dlchromate solution until the 
second break in potential. 

3 4 5 

Volume oF potassium dichmmate 1 ml 
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The potential jump at the iirst equivalence point is found to be about 260 mV/O.O4 ml of titrant 
and at the second inflection point to about 40 mV/OO4 ml of titrant. A representative potential vs. 
volume curve is shown in Fig. 5. Because the second break in potential is-not very g&at, the end- 
point is best obtained from the AE/AV vs. V curve. Some typical results are given in Table V. They 
show that the error for uraniumrv is not greater than *0.27 % and that for vanadiumrv not greater 
than *O-3%. 

Acknowle ement--Gne of us (P. K. R.) desires to thank the Council of Scientiiic and Industrial 
Research for the award of a Junior Research Fellowship. 

Zusanunenfassung--Die potentiometrische Titration von Uran (IV) 
mit Kahumdichromat ist bei Zimmertemperatur bei allen Konzen- 
trationen von Phosphorsiiure zwischen 3m und 12m mijglich. Schutz- 
gas ist nicht notwendig. Der Potentialsprung am Endpunkt ist fiir 
0,04 ml 0,l n Kaliumdichromat in 3-9 m Phosphorslure 70-90 mV, in 
105 m Phosphorsaure 140 mV und in 12 m Phosphor&&u 180 mV. 
Eisen (II) und Uran (IV) k&men in derselben Liisung bestimmt 
werden, wenn die Phosphor&lure-konzentration beim Eisen (II)-End- 
punkt tiber 11,5 m gehalten wird. Unter ahnlichen Bedingungen ist 
die potentiometrische Bestimmung von Uran (IV) turd Vanadin (IV) 
nebeneinander miiglich; Uran (IV) und Mangan (II) kiinnen in dersel- 
ben Liisung bestimmt werden, wenn die Phosphors&ire-konzentration 
beim Uran (IV)-Endpunkt zwischen 3 m und 9 gehalten wird und 
dann so erhoht wird; da8 sie beim Mangan (II)-&rdpunkt 12 m ist. 
Unter ahnlichen Bedingungen kann man Uran (IV) und Cer (III) 
nebeneinander bestimmen. Die Anwendung dieser Vorschriften auf 
Uran fuhrende Mineralien wird untersucht. 

RCsum&Le dosage potentiometrique de l’uranium (IV) est possible a 
temperature ambiante, au moyen de bichromate de potassium, 51 
toutes les concentrations en acide phosphorique comprises entre 
3 M et 12 M. Une atmosphere inerte n’est pas n&xssaire. Le saut de 
potentiel au point final est d’environ 70-90 mV/O,O4 ml de bichromate 
de potassium 0,l N, en acide phosphorique 3 a 9 M, de 140 mV en 
acide phosphorique 10,5 M et de 180 mV en acide phosphorique 12 M. 
Le fer (II) et l’uranium (IV) peuvent &re doses dam la m&me solution 
si la concentration de l’acide phosphorique est maintenue audessus de 
11,5 M au point final du fer (II). Dam les memes conditions, un 
dosage potentiometrique differentiel de l’uranium (IV) et du vanadium 
(IV) est possible. L’uranium (IV) et le mangant?se (II) peuvent &re 
doses dam la meme solution si la concentration en acide en phosphori- 
que est maintenue entre 3 M et 9 M au point tinal de l’uranium (IV), 
puis augment&e de facon a atteindre 12 M au point final de manganese 
(II). Le dosage potentiometrique differentiel de l’uranium (IV) et du 
&ium (III) est possible dam les memes conditions. L’application de 
ces techniques aux minerais uraniferes est a l’etude. 
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Summary_-A review of recent developments in the ring oven technique 
is presented. 

IN 1954 the first paper about the ring oven technique was published. This method 
had originally been developed as a qualitative separation technique for extremely 
small samples. After a short time, however, it found application in other branches 
of analytical chemistry, both qualitatively and semiquantitatively. Its use was ex- 
tended to the analysis of radioactive substances, to electrographic analysis, to the 
analysis of organic substances, etc. 

In 1961 a monograph, Micrclanalysis by the Ring Oven Technique* (hereafter 
referred to as ~~~gr~ph), surveyed the method and its various applications. Since 
that time about 60 further pub~~tions dealing with this technique have appeared. 
It is the purpose of the present paper to review these more recent cont~butions. 

THE APPARATUS AND SOME NEWER ACCESSORIESt 

The apparatus itself has been little modified in its external appearance; all of its 
dimensions have proved adequate, so these have remained unchanged. Fig. 1 shows 
a model of the ring oven in which the variable transformer for regulating the tempera- 
ture and the actual ring oven are built into a single unit. 

West, Llacer and Cimermanl described an “auxiliary plate” of aluminium which 
fits into the bore hole of the ring oven and makes, quasi, a ring oven with a smaller 
bore-hole diameter (14 mm) out of the original ring oven. This makes possible ring 
to ring separations of substances which are first collected in the 14-mm ring zone, a 
procedure basically similar to that used by Ballczo in ~nnection with the glass ring 
oven (see monograph, p. 30). The same authors also designed a “washing ring” which 
is positioned on the hot ring oven. It serves to purify filter papers for special appli- 
cations (e.g., selenium in air pollution studies), where commercially available filter 
paper does not meet the purity requirements. They also suggested a retainer ring 
with a heat insulated handle (instead of the usual porcelain ring) for keeping the filter 
paper in place on the hot ring oven. 

Reynolds and Monkman also reported an adapter for reducing the bore hole 
diameter and gave some useful details for constructing the ring oven. For use in air 
pollution studies, these authors suggest a drilled Teflon plug which is inserted into 

*Herbert Weisz, Microanalysis by the Ritzy hen Technique. Pergamon Pxess Ltd., Oxford. 
t Ring ovens are produced by National Appliance Company, Portland, Oregon, U.S.A. and 

ROFA, Reisnerstrasse 41, Vienna 3, Austria. 
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FIG. 1 .-Ring oven plus variable transformer as a single unit 
(ROFA, Vienna, Austria). 
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the sampling head of a paper tape sampler. The small spots thus produced may then 
be washed into the ring zone of the usual 22-mm ring oven. 

DISSOLUTION OF SAMPLE 

For analysis on the microgram scale where the sample is soluble in acid, it is 
comparatively simple to transfer the sample drop without loss to the filter paper 
(cj monograph, p. 34). If a fusion procedure is necessary, however, it is not so con- 
venient to transfer quantitatively the rather greater volume of sample solution to the 
middle of a filter paper, to carry out spot tests or to perform an analysis with the ring 
oven method. For this reason, a method3 has been worked out, in which a small drop 
of a saturated solution of the decomposition reagent (e.g., sodium peroxide, sodium 
carbonate, potassium hydrogen sulphate, sodium hydroxide) is placed on a platinum 
foil (5 x 5 mm square, 0.03 mm thick) and a very tiny amount (several pug, 1 or 2 
grains) of the solid sample is added with the aid of a glass needle. 

FIG. 2 

The foil is then heated over the flame of a micro burner for some sec. After the 
decomposition, the platinum foil is placed between a filter paper and a little filter paper 
disk (to provide a capillary surface) and positioned on the ring oven (see Fig. 2). 
There, the now soluble substances are washed into the ring zone by means of a suitable 
solvent. In this way, the dissolved substances are concentrated in a sharply outlined 
ring zone where they can be identified as usual. 

QUALITATIVE ANALYSIS OF METAL IONS 

In the field of qualitative analysis, several spot reactions have been newly adapted 
for use with the ring oven method and the total number of such reactions now ap- 
plicable has been considerably enlarged. Some of them will be mentioned under the 
present heading: others have been applied to semiquantitative analysis but can certainly 
be used for identification purposes. Therefore, the reactions mentioned in subsequent 
sections should also be regarded from the viewpoint of qualitative analysis (e.g., 
beryllium, antimony, selenium). 

Filter paper is commonly used for spot reactions only in those cases where the 
reaction product is either a coloured insoluble compound or has a pronounced 
tendency to adsorb on the fibres of the paper. Where the product of an identification 
reaction does not meet these conditions, it is better to carry out the tests on a spot 
plate or in a small tube, where the greater depth of the solution permits an easier 
observation of the colour. The ring oven can, however, be used to concentrate test 
stains which would otherwise spread badly on filter paper, so that the sensitivity of 
the test would be greatly diminished. This localisation of spot test colours by use of 
the ring oven method makes it possible to carry out reactions on titer paper which lead 
to soluble reaction products. The drop of the sample (for instance titanium: see Fig. 3 
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is placed in the centre of a filter paper. A drop of reagent (in this case hydrogen 
peroxide) is placed between the sample spot and the future ring zone. The sample 
spot is then washed with a suitable solvent (0.05&f hydrochloric acid) into the ring 
zone. As the sample migrates, it “‘picks up” the reagent, reacts with it, and the soluble 
reaction product is concentrated and thus forms a coloured sector of the ring. In 
this way the identification limit is remarkably improved (10-100 times). IronIn 
(with thiocyanate), chromate (with diphenylcarbazide), borate (with turmeric) and 
titanium (with hydrogen peroxide) can thus be identified on the paper.4 

Ti 

FIG. 3 

Antikaine$ reported the separation and identification of micro-amounts of 
mixtures of nickel and cobalt on filter paper imprecated with dimethyl~yo~me. 
Nickel is fixed in the centre and the soluble dimethylglyo~me complex of cobalt 
washed to the ring zone. The inner spot bearing the nickel is punched out and placed 
on another paper, then the nickel transferred to the ring zone by means of an alcoholic 
solution of dimethylglyoxime containing bromine water as oxidant. The soluble 
bright red nickelrv chelate is thus formed. 

Matics applied the ring oven technique in combination with preliminary solvent 
extraction to the routine analysis of technical uranium solutions. Barren solutions 
from 17 uranium-producing mines were analysed for the presence of 28 elements. 
Malissa and Ottendorfer’ described separations of metal ions using the solubility of 
their diethyldithiocarbamates in pyridine. Aluminium and copper could thus be 
easily separated. 

In connection with to~colo~~l analysis a very sensitive test for th~~uml ions has 
been worked out8 A sector of the ring zone contai~ng the tha~um is treated with 
potassium iodide. ThalhumE iodide is thus precipitated, but remains invisible because 
of its low concentration. After the excess of iodide has been removed, the ring zone 
is treated with silver nitrate. The silver iodide formed by metathesis is exposed to 
ultraviolet light, then developed in a “physical developer”,9 A very distinct sharp 
black line indicates thallium (identification limit: 0.01 rug). 

Biswas and DeylO applied the ring oven method to the separation and identification 
of some “less familiar” cations (uraniumV1, thoriumrv, ceriumrrl, ceriumIV, tita- 
nium,* zirconiumrv, molybdenumvl, tungstenvl, vanadiumv, berylliumll, goldnl, 
platinumIv and palladiumIv). They did this in a rather unusual way. Instead of 
using one of the methods for “ring to ring” separations mentioned above or one al- 
ready cited in the mono~aph, they used the retainer ring as a heat barrier for the 
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outer ring. They state that “in some cases, the last (outer) ring could not be obtained 
in a well defined form and was somewhat diffuse”. This was to be expected, because 
the retainer ring only serves the purpose of keeping the filter in place, and certainly 
does not act as a heat barrier. 

Singh and Deyll separated and identified metal ions on the ring oven, applying 
oxalate, tartrate or EDTA as complexing agents. Their separation technique seems 
nearer to paper chromatography, however, than to true ring oven technique: the 
various ions form rings at different distances “from the centre to the outer edge”. 

SEMIQUANTITATIVE DETERMINATION OF METAL IONS 

Amongst semiquantitative analytical methods, spot calorimetry occupies a very 
outstanding place. Therefore it is not surprising that spot calorimetry in conjunction 
with the ring oven (“ring calorimetry”) has found many new applications in the 
analysis of metal ions, anions and organic substances. Considerations given here are 
valid not only for the analysis of cations, but also for all the other semiquantitative 
applications. 

This part of the present review could hardly be better introduced than by some 
statements made by Malissa.l* “The fact that the capacity of the human eye is 
commonly underestimated, in conjunction with the modern trend to use precise 
photometers at a far too early stage in an investigation, has given rise to many un- 
necessary difficulties. The comparison of colours or shades, as used by Weisz and 
his coworkers in their contributions to spot calorimetry, brought developments back 
to the right level” and “It is often overlooked that the eye’s capacity for integration 
and abstraction is something that an instrument does not easily equal.” 

The question has often been raised whether photometric measurements of the 
intensity of the rings would make the method still more accurate. Ottendorfe9 
made some density measurements on rings (in this case autoradiographs, but this 
does not make much difference) and was able to prove that mere visual comparison of 
the rings (as is usual in ring calorimetry) is at least equal if not superior to instru- 
mental measurements. 

In the following, some newer semiquantitative applications of the ring oven 
technique are described. 

Nickel and cobalt. The previously mentioned method for the separation and 
identification of these two ions on filter paper impregnated with dimethylglyoximes 
has also been evaluated quantitatively. Nickel can thus be determined in the range 
0.1-100 pg, and cobalt from 0.5 to 20 pg. 

Thorium. Hainberger and Sanchez l4 determined thorium with aqueous solutions 
of alizarin S and used this method for the analysis of monazite sand. 

I6 Beryllium. West and Mohilner described a detailed study of the determination 
of beryllium with eriochrome cyanine R in connection with air pollution measure- 
ments. As little as 0.05 pg of beryllium can be determined. The average error is 
f7 %. Magnesium, thorium, aluminium and chromium affect this method if present 
in a one hundred-fold excess. 

Another way of determining beryllium* utilises the well known fluorescent re- 
action product of beryllium with morin. EDTA is used to mask any accompanying 
ions. Comparison of the test rings with a standard scale (stable for several months) 
is carried out under a quartz lamp. Very small amounts of beryllium (0.005 pg) can 
thus be determined with an accuracy of better than &lo%. 
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Aluminium. Aluminium has been determinedls by bathing the rings in methanolic 
morin solution and fuming them over concentrated hydrochloric acid. The dried 
cool papers are then compared with a standard scale (prepared in the same way) 
under an ultraviolet lamp. Incidently, this seems to have been the first example of a 
“ring-fluorometric” method. 

Antimony. A method for the determination of antimony in air pollution measure- 
ments is based on the extraction of the tetra-iodo-antimonynl complex with a benzene- 
ethanol mixture (2 : 1) directly on the ring oven ; the colour is then developed by reaction 
with phosphomolybdic acid (molybdenum blue). The limit of identification was found 
to be 0.08 ,ug and the accuracy is within the 5 % limit.l’ Only a few ions were found to 
affect the determination (thallium, selenium, tellurium, tungsten and platinum metals). 

Selenium. Selenium can be identified and estimated with 3,3’-diaminobenzidine, 
the citron yellow piazselenol being formed. The average error for this determination 
is f6% in the range 0.1-0.5 pg of selenium; greater amounts of selenium give rings 
so intensely coloured that visual comparison becomes difficult. Because all tested 
varieties of titer paper were found to contain selenium, it is necessary to purify them. 
This is accomplished by treatment with sodium sulphide, which forms soluble seleno- 
sulphide complexes washable from the paper with distilled water. For this purpose, 
the “washing ring” mentioned above is used. Interferences were studied; the authors 
statel* that the method is readily applicable to air pollution problems. 

Universal standard scale 

This method of semiquantitative determination (based on the fact that many 
metal ions can be transformed in one way or another into an equivalent amount of 
silver sulphide and these silver sulphide rings always compared with the same silver 
sulphide standard scale, irrespective of the original sample ion) has already been 
described in the monograph. Application of this method in paper chromatography 
was suggested and this has now been versed. 

A mixture of metal ions is chromatographed on filter paper strips and the various 
parts of the paper bearing the single spots are cut out. These are ashed and made up 
to a certain volume (1 ml). From this solution 3 rings are made from suitable drop 
numbers, and the substances in these rings are transformed into equivalent amounts 
of silver sulphide, then compared with the silver sulphide standard scale (best derived 
from a copper solution). The technique has been illustrated by separating and deter- 
mining mixtures of iron, cobalt and nickel and of lead, copper and cadmium.ls 

In a second approach, 2o this combination of paper chromatography with the 
universal standard scale has been simplified to avoid the ashing of the filter paper 
pieces. Varying quantities (l-10 drops) of the solution to be determined are spotted 
on narrow filter paper strips, then the chromatograms are run. The cut out pieces of 
the strips (bearing the separated substances) are rolled spirally and placed in a glass 
tube so that the end of the roll protrudes from the tube and makes contact with the 
filter paper on the ring oven. The substances are then extracted from the rolled piece 
of paper to the round filter and there washed into the ring zone. This has to be done 
with 3 pieces (derived from chromatograms of 3 different numbers of drops of sample 
solution) of cut out filter paper, thus yielding 3 rings necessary for comparison with 
the standard scale. The substances contained in the rings are again transformed into 
equivalent amounts of silver sulphide. It is, of course, essential that the same capillary 
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pipette is used for applying the drops on the chromatogram and for preparing the 
standard rings. This very simple method, which gives results with an error of only 
&5 %, has been applied to the analysis of mixtures of copper and lead and of cobalt 
and zinc. It seems to offer the possibility of separation and determination of small 
amounts (a few pg) of elements in mixtures of varying composition. 

The idea of using a universal standard scale for comparison in ring calorimetry 
is certainly not limited to the use of silver sulphide. 
possibility. celap and coworkers 

Other compounds offer the same 
21*22 described the application of a standard scale 

of copperI hexacyanoferrate(I1) for this purpose, Quite a number of metal ions can 
be precipitated as hexacyanoferrates(I1) by bathing the rings in a 2 % aqueous solution 
of potassium hexacyanoferrate(I1). After thoroughly rinsing the filter paper, the 
difficultly soluble precipitates are converted to an equivalent amount of copperI 
hexacyanoferrate(II) by bathing the rings in a 2% solution of copperI sulphate. 
The rings thus obtained are then compared with a standard scale of copper hexa- 
cyanoferrate(II), prepared from a copper solution of known concentration (0.1 mg 
of copper/ml). As with the silver sulphide scale, conversion factors for the different 
ions to be determined need to be calculated. Three sample rings prepared from 
suitable drop numbers also need to be employed for the comparison, as in all semi- 
quantitative applications of the ring oven method. Uranium, manganese, nickel, 
cobalt, zinc, cadmium, copper, lead, mercury’ and mercury” have been determined. 
The results obtained deviated on average by 13 %. 

ANIONS 

In the field of anion analysis, 23 identification reactions were mentioned in the 
monograph. This number has since been enhanced only slightly. Ballczo and HodoP 
described the use of barium rhodizonate for the detection of sulphate ions. An inner 
ring (12-mm diameter) bears barium rhodizonate. The sample drop is spotted at the 
centre of the paper and washed to this inner ring. Here the sulphate releases an equiv- 
alent amount of rhodizonate, which is then washed to the outer ring zone (22-mm 
diameter) where it can be made visible with barium salt. As little as 0.005 pg of sul- 
phate can thus be detected. It is possible to use this method for semiquantitative 
estimation. Barney74 published a method for the detection of submicrogram 
amounts of fluoride on the ring oven with thorium chloranilate. 

Munshi and Dey” separated binary and ternary mixtures of some common anions 
on the ring oven. For ternary mixtures, the “retainer ring” was again used as a heat 
barrier for the outer ring as already mentioned (cJ Biswas and DeylO). The same 
objection as stated there for this type of procedure in the analysis of cations is, of 
course, still valid in the analysis of mixtures of anions. 

Although only very little can be reported of new tests for anions carried out on 
the ring oven, some systematic separation schemes have been devised for various 
numbers of anions with this technique. 

Musil, Haas and Drabner25 reported a separation scheme for 8 common anions 
[bromide, iodide, thiocyanate, sulphate, chromate, phosphate, arsenate and hexa- 
cyanoferrate(II)] contained in a single drop. These anions are separated into 3 dif- 
ferent rings, where they can be identified by suitable spot test reactions. Arsenate, 
phosphate and hexacyanoferrate(I1) are f?rst fixed in the original spot with zinc 
acetate, then the other 5 anions are transported to ring I, where they are identified 
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on individual sectors. The precipitated zinc salts are subsequently fumed over hydro- 
chloric acid, after which arsenate and phosphate are washed on a new filter paper 
into ring II. The remaining zinc hexacyanoferrate~I1) is oxidised over bromine 
vapour, then washed with dilute hydrochloric acid into ring III on a third tilter paper. 

Another approach to separate anions has been described by Haba and Wilson.* 
Sulphate, chromate, vanadate, hexacyanoferrate(II), hexacyanoferrate(III), hexa- 
cyanocobaltate(III), bromide and iodide are first separated into 2 groups by means 
of barium nitrate. The tist 3 anions listed are thus fixed in the centre of the paper, 
while the others are washed into the ring zone where they can be identified. One of the 
ions [hexacyanocob~ta~II)] is separated by a “ring to ring” separation in a single 
sector. The inner spot is punched out, the little disc placed on another filter and the 
barium salts of chromate and vanadate washed with 0.04M hydrochloric acid into 
the ring zone, whereas barium sulphate remains in the original spot. One ~1 of 
sample solution is sufficient for this scheme. The authors also briefly mention the 
possibility of semiquanti~tive dete~inations of the anions by their method. 

A systematic scheme for the analysis of common anions on the ring oven has been 
worked out also by Biswas, Munshi and Dey. 27 Sulphate, sulphite, nitrate, nitrite, 
fluoride, chloride, bromide, iodide, hexacyanoferrate(II), hexacyanoferrate(III), 
thiocyanate, phosphate, sulphide, thiosulphate and borate are separated into 5 
different rings and identified there. Silver ions are used to fix all of the ions except 
the first 5 listed here, then successive extractions with 2M nitric acid, with nitric acid 
(1:2), with ammonia solution and with sodium thiosulphate solution bring about 
the other separations. 

Instead of actually separating all the anions into various groups, Mooney28 
employed a number of single tests in a certain sequence of application. By this 
“exclusion system”, 12 anions can be identified (nitrate, borate, silicate, phosphate, 
sulphate, molybdate, fluoride, cyanide, chromate, bromide, iodide, chloride). 

Apart from the semiquantitative determination of sulphate, using its reaction 
with barium rhodizonate as mentioned above, Huygen2g described another method 
for sulphate and sulphite in connection with air pollution measurements. The rings 
containing the sulphate are bathed in a solution of barium chloride and potassium 
~~anganate, dried and rinsed well with a IM hydrochloric acid solution of oxalic 
acid. The pink rings (the permanganate is stabilised against reduction by having 
been included into the crystal lattice of the barium sulphate are compared with 
the standard scale. Sulphide is determined in the same way after it has been pre- 
viously oxidised to sulphate with hydrogen peroxide. 

The universal standard scale of silver sulphide rings has hitherto only been applied 
to the dete~ination of metal ions, for instance in combination with paper chromatog- 
raphy (z&r. above). It is, of course, also possible to determine anions in this way. 
Most of the anions can be precipitated as difficultly soluble metal salts; these metal 
salts can be transformed into sulphides and these, in turn, into an equivalent amount 
of silver sulphide. Obviously, the most direct way is for anions which precipitate with 
silver ions. A number of anions, such as chloride, bromide, iodide, thiocyanate, 
arsenate, di~hromate and hexacyanoferrate~II), have been determined in this way. 
The anions are washed into the ring zone and fixed there by bathing them in silver 
nitrate solution. After rinsing thoroughly, the precipitates are converted into equiv- 
alent amounts of silver sulphide by bathing in hydrogen sulphide water. The resulting 
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silver sulphide rings are compared with a standard scale, derived in the same 
manner from a standard solution of potassium bromide. The results of the com- 
parison are, of course, obtained in “bromide equivalents” and must be multiplied 
by a suitable conversion factor, which is the quotient of the equivalent weight of the 
ion to be determined and that of the standard ion (e.g., bromide). The accuracy of 
this procedure31 is satisfactory and compares very well with that of ring calorimetry 
as commonly used. 

ORGANIC SUBSTANCES 

In the monograph it was mentioned that the ring oven method could prove useful 
not only in the inorganic field but also in the examination of organic substances. 
Since then, a number of publications have dealt with the analysis of diverse organic 
substances. 

A sensitive spot test for nitrogen compounds in petroleum fractions and its ap- 
plication to semiquantitative determination seems to have been the first contribution 
to organic analysis with the ring oven. Tetracyanoethylene (TCNE) yields coloured 
reaction products with organic nitrogen compounds, such as pyridine, lutidine, 
pyrrole, indole, etc. These colours are stable on heating to 1 lo”, in contrast to the 
colours produced by the reactions of TCNE with hydrocarbons, which only persist at 
room temperature. Peurifoy and Nagers2 suggested this method as a quick quality 
control test for units in which the nitrogen content is an important criterion. 

Meisel, Nemeth and Erdeys3 developed a rapid micro method for the detection of 
several hetero-elements (nitrogen, sulphur, chlorine, bromine, iodine) in organic 
compounds. The organic substance is fused with metallic potassium and the re- 
sulting anions (iodide, bromide, chloride, sulphide, cyanide, thiocyanate) separated 
by the ring oven method and identified by suitable spot tests. The utility of the 
procedure has been proved by the analysis of 24 diverse organic substances. 

The ftrst published application of the ring oven technique to clinical analysis 
seems to have been the estimation of microgram amounts of proteins by Farr and 
Chaney.34 The authors used a modified ring oven with which the substances are 
collected in a straight line. For developing the colours, the protein binding of bromo- 
phenol blue was employed. The samples investigated were solutions of human blood 
serum, containing between 0 and 100 ppm of protein. The maximum error is stated 
to be f8 %. This method has been used for estimation of the protein content of 
various biological solutions. As little as 10 ,ug of protein/ml can be evaluated. 

Semiquantitative determination of a number of amino acids has been described 

by delap, Janjid and Ilid .s A spot of copperI hydroxide is prepared in the centre of 
a filter paper and dried. The necessary number of drops of the amino acid solution 
to be determined is added to this spot and part of the copper” hydroxide is thus 
dissolved, forming a water soluble complex compound. This bluish-green compound 
is washed into the ring zone with water. The sample rings are then compared with 
standard rings in the usual manner. Glycine, alanine, asparagine, aspartic acid 
and glutamic acid were determined with reasonable accuracy (about +5 % relative). 

Celap and coworkers also applied ring calorimetry to the semiquantitative deter- 
mination of sugars, phenols and alkaloids. The necessary number of drops of the 
solution of the sugar are washed with water into the ring zone, followed by 1 drop 
of a hydrochloric acid-alcohol solution of resorcinol. The filter paper is then heated 
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for 20 min to 125” in a drying oven. Stable brown-yellow rings are formed and com- 
pared in the usual manner with standard rings. Fifteen ,~g of sugar are sufficient for 
preparing the 3 rings. Glucose, mannose, galactose, fructose, sorbose, arabinose, 
xylose and rhamnose have thus been determined.% 

For the determination of phenols, the sample drop is transported to the ring zone, 
followed by 2 drops of a lil4 sodium hydroxide solution. The stable brown rings are 
developed by heating the tilter papers for 1 min at 120”. Catechol, resorcinol, hydro- 
quinone, pyrogallol, phloroglucinol and p-nitrophenol are cited as examples for this 
procedure. About 4 pg of the respective phenols are needed for the determination.s7 

Alkaloids are determined by the following reaction. The filter paper bearing the 
alkaloid concentrated in a ring zone, is bathed in a 1% phosphomolybdic acid solution 
in nitric acid, then thoroughly rinsed in water. Subsequently, the filter is immersed 
in a 1% ti# chloride solution in hydrochloric acid, again washed with water and 
finally dried at 105”. Stable blue rings are produced which can easily be compared. 
The determinations were performed with lo-50 pg of nicotine, atropine, cinchonine, 
quinine, narcotine, morphine, codeine, aconitine, strychnine and brucine.= 

The accuracy of the 3 methods just presented is very satisfactory; the errors are 
of about the same order as in the determinations of inorganic ions. 

The microdetermination of caffeine has been investigated by Ordoveza and West3g 
for use in air pollution studies. Solutions of acetylacetone in sodium hydroxide and 
of p-dimethylaminobenzaldehyde in hydrochloric acid are used to develop blue rings 
with caffeine. The standard scale is stable for about 3 days. Detailed studies have 
been carried out in order to establish the best conditions for the reaction and to 
eliminate interferences from other constituents likely to be collected from the at- 
mosphere during the sampling procedure. As little as 0.5 ,ug of caffeine can be deter- 
mined with an average error of 3 %. 

TRACE ANALYSIS 

Already some years ago Feigl and We&O pointed out the possibility of using the 
ring oven method in trace analysis. 

Ackermann41 investigated heavy metals in alkali and alkaline earth salt solutions 
by precipitation of their hydroxides or sulphides and filtration through a specially 
designed filtering device, offering only a very small filtration area. The precipitate 
collected on the small titer paper disc is then separated and identified on another 
filter paper by means of the ring oven technique. As little as 1O-3 ppm of copper and 
iron in salt solutions could be identified. The author mentions that by this technique 
it was shown that the well known autoxidation of alkali iodides is caused by traces of 
heavy metals. 

Whereas in the method just mentioned the collection of traces of heavy metals is 
based on the so-called “Punktflockung”, on the coagulation of the colloidal pre- 
cipitate on the fibres of the paper itself (Mahr and Klamberg?, Schulek and co- 
workers43@s4s employed oxycellulose for the collection of traces of metals from 
extremely dilute solutions. The suspended oxycellulose fibrils, bearing the metals, 
are collected on a sintered-glass titer stick (5-mm diameter), where they form a little 
disc which is subsequently placed in the middle of a flter paper. On the ring oven, 
the various ions can be separated and identified in the usual way. About 20 ions were 
studied. The concentration of the ions in the original solutions was between 0.001 
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and 0.1 ppm. From 3 to 5 mg of oxycellulose were applied for their 
collection. 

Two other publications can perhaps also be regarded as contributions to this 
field: investigations of impurities in filter papefl (cJ monograph, p. 67) and the 
detection of traces of lead in alloys and in prehistoric bronzes.47 Because these two 
publications do not contribute basically new methods to the ring oven technique 
itself, no details need to be given here. 

AIR POLLUTION STUDIES 

During the last few years, the ring oven method has been used to study and control 
air pollution. The analysis of air borne particulates, including aerosols, is a very 
important problem of chemical analysis. Especially in industrial areas it is of signifi- 
cance for public health and hygiene to control the impurities in air. 

Although relatively large amounts of sample can be collected over extended 
periods of time through the use of high volume samplers or continuous sample col- 
lecting equipment, it is desirable to handle smaller samples collected during brief 
sampling periods. It is likewise important that rather small amounts of certain 
constituents can be isolated, concentrated, identified and determined semiquanti- 
tatively in the presence of major amounts of innocuous accompanying air borne 
sample material. 

The ring oven enables these conditions to be fulfilled and can therefore be used 
in this field with advantage. Its use in this context has already been suggested some 
years ago (cJ monograph, p. 66). 

Samples collected by impaction or electrostatic precipitation can be taken into 
solution and drops of the resulting sample solution subjected to the ring oven tech- 
nique in the usual way. However, samples of air borne particulates are mostly col- 
lected in air pollution studies by sucking air through special filters, membrane filters, 
glass fibres, nylon, rayon, etc. The identification and estimation reactions must be 
carried out on ordinary filter paper, because the surface of the other filter materials 
is not very suitable for colour reactions or for separations with a satisfactory degree 
of sensitivity. Therefore, the sample substances need to be transferred from the 
sampling titers to ordinary filter paper. This question of transferring substances from 
one filter to another could be of general interest and not only in air pollution studies. 

A triangular portion (about 10 mm per side) of the Inter material, having on its 
surface the collected particulates, is cut out for analysis. The triangle is placed on a 
filter paper and is fixed in place to ensure its position during subsequent operations 
and the quantitative transfer of the sample from the filter medium to the paper. 

If membrane filters (such as “Millipore” titers), which consist of cellulose acetate, 
have been used for the collection of the samples, the fixation of the little triangle can be 
accomplished very simply by moistening the titer paper with a drop of acetone. 
The triangular piece of the membrane filter is placed on it (with the sample-bearing 
surface down) and held in position for a few sec. Enough of the cellulose acetate 
dissolves in the acetone to cause a cementing action. 

The filter paper, together with the triangle, is placed upon the ring oven, but 
upside-down, so that washing can start on the surface of the paper rather than on the 
membrane titer (Fig. 4). Dissolution of the sample and its transfer into the ring zone 
is accomplished by washing with an appropriate solvent (O.lM hydrochloric acid, 



ammonia solution, etc.). All of the sample components are qu~titativ~ly concen- 
trated in a sharply outlined ring zone. This ring is cut into sectors, on which the 
various identification tests are performed, 

In the case of samples collected on other filtration media, such as linen, cotton, 
nylon, glass-fibre filters, or paper, again a triangular portion of the sample is cut out 
and must be fixed to the round filter paper using tiny dots of glue. Ordinarily, 6 spots 
of glue ((‘Duco-cement ” “UHU” or a slurry of cellulose acetate in acetone) applied , 
to the circumference of the triangle are sufficient. 

Fro. 4 

These methods for transfer, concentration and analysis of collected air borne 
particulates have been described by West, Weisz, Gaeke and Lylesfg These authors 
also give a number of spot tests for ~denti~~tion of the po~ut~ts‘ The q~ti~~ve 
dete~na~on of iron and aluminium is carried out by dissolving the sample collected 
on paper strips (using a low flow rate dust sampler) in a defined volume of 0.05&f 
hydro~~o~~ acid. In this sample solution, the metals are dete~ned by ring colori- 
metry in the usual way. Four-hundred atmospheric samples have been analysed by 
this procedure. Accuracy, precision and speed were found to be satisfactory com- 
pared with conventional methods. 

Methods for the estimation of antimony:? beryllium,ls seleniumr* and caffeir@ 
for application in air pollution studies have been worked out by West and coworkers. 
These methods have already been mentioned in appropriate sections of the review. 

Huy gen 2s described the determination of sulphate and sulphur dioxide in air. 
The filter paper used for the collection of sulphur dioxide is moistened with a 10% 
solution of potassium hydroxide or potassium carbonate and dried ; sulphuri~ acid 
mist and sulphate particles in air are collected on plain filter paper (Whatman No. 1). 
The filter papers are clamped between circular plastic discs with centred holes in order 
to restrict the effective diameter to 15 mm. After the collection, the loaded filter 
papers are placed directly on the ring oven and the pollutants are washed to the ring 
zone with O.lM hydrochlo~G acid {which contained, in the case of sulphur dioxide, 
1% of hydrogen peroxide in order to oxidise it to sulphate). The reaction with barium 
chloride and potassium permanganate is carried out (as described above under 
Anions) to render the ring visible. The ring is then compared with standard rings 
for quantitative evaluation. The author obviously applied only 1 ring for comparison 
with the standard scale and therefore the accuracy of this method is only about f25 %. 
This is not su~ris~g, because it bas already been shown (uiz. mono~aph) that 3 
rings prepared from suitable drop numbers of sample solution have to be prepared 
and compared with the standard scale in order to obtain results with a degree of 
accuracy between i-5 and 8 %. 
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This fact now shows the difficulty so far encountered in this type of work. One can 
either dissolve the collected particulates from the sampling material, such as filter 
papers, in a defined volume and then prepare the necessary 3 rings from varying 
drop numbers. Alternatively, the sample collected on the filter can be washed directly 
on the ring oven into the ring zone, if necessary (e.g., a non-paper medium used for 
sampling) applying the transfer procedure described above. In this case, however, 
only 1 ring is available and obviously the averaging technique of ring calorimetry 
cannot be used ; the results are not as precise as desirable in many cases. 

The first technique, namely, dissolving the collected material from the sampling 
medium and preparing 3 sample rings, yields, of course, more precise results, but 
much more of the material to be determined needs to be collected than is actually 
used in preparing the 3 rings. Alternatively, the sample would have to be dissolved 
in a very small but known volume of, say, some 10 ~1, which is not easily practicable. 

It seems possible to overcome this difficulty by sucking the air simultaneously 
through at least 3 restricted areas of different but known size of the filter material. 
The ratio of the “sample spots” thus achieved should be such that 3 of them, after 
having been extracted to the ring zone and developed with suitable reagents, cover a 
wide range of the respective standard scale used for comparison. Thus, it would be 
possible to transfer the collected material directly to the ring zone without previous 
dissolution and to have, nevertheless, the 3 rings necessary for comparison. Only 
very small amounts of the pollutant need to be collected and that, on the other hand, 
means that only a shorter sampling period would be necessary. This could be of 
some importance in many practical instances. 

An alternative approach might be to collect the pollutants on filter material and to 
cut out 3 circular or triangular pieces of different but well defined size, the areas of 
which should have a suitable ratio from one to the other, then to transfer the collected 
material from these small pieces to the ring zone of 3 separate filter papers. 

Practical experiments, which we plan to carry out in the near future, will serve 
to evaluate these techniques. 

RADIOACTIVE SUBSTANCES 

In the monograph, the application of the ring oven method to the analysis of 
radioactive substances has already been described, but only with a few qualitative 
experiments. It was pointed out that autoradiography of the rings should provide a 
method for the semiquantitative determination of active substances. This suggestion 
has now been verified and two basically different methods for semiquantitative deter- 
minations are currently available and will be reviewed here. 

The simpler approach to the quantitative determination is as follows. Prepare 
a standard scale by making rings from 1,2,4,6,8 and 10 drops of a standard solution 
of a radioactive isotope, expose the rings to X-ray film for sufficient time and develop 
the rings. Then prepare and autoradiograph under identical conditions 3 rings with 
varying numbers of sample drops. Compare the unknown ring autoradiographs 
with the standard scale and calculate the concentration of the unknown solution as 
in chemical ring calorimetry. 

This method gives good results, but it is rather time consuming. In ring colori- 
metry 3 rings made from different drop numbers always have to be compared with 
the standard scale (viz. monograph). 
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In order to find suitable drop numbers, a ring with 1 drop is always made first 
and compared with the standard scale. From this preliminary result, the numbers of 
test drops for the other two rings are derived. In ordinary chemical ring calorimetry 
this is done very quickly, but in autoradiography one must first make an autoradio- 
graph of the one-drop-ring, which takes, of course, several hr, before one can decide 
the drop numbers to be applied for the other two rings. 

U 

FIG. 5.-Exposure apparatus: 
I-Steel plate with slit, on which the filter bearing the active ring is placed and one of 

the radially cut edges inserted into the slit. 
2-Heavy steel plate fitted with fine steel needles on the lower side; these needles firmly 

fix the filter and film together. 
3-Narrow groove to receive tips of the steel needles. 

This has lead to another approach. In carrying out the procedure in the way 
mentioned above, one in fact neglects an essential possibility of autoradiography, 
namely, utilisation of the law of reciprocity. Two blackenings of a photographic 
film from radioactive substances are identical if the products of intensity and ex- 
posure time are likewise identical (i.t = constant). The method to be reviewed here 
now makes use of this principle.4* 

The radioactive substance in the sample drop is washed into the ring zone and 
fixed there by a suitable precipitant. The filter paper bearing the “active ring” is 
provided with a central hole and cut along a radial line. It is then placed on a slit 
plate in an exposure apparatus (Fig. 5) and a piece of X-ray flhn placed on top. The 
paper and film are held firmly together, but during a slow rotary motion the paper 
gradually passes through the slit plate while the t&r remains above the plate. Hence 
the action of the active ring on the tllm is stopped. 
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One rotation takes 12 hr and the film is then developed. It shows an autoradio- 
graph with stepwise increasing density, corresponding to exposure times from 0 to 12 hr. 

The rotary motion should not be carried out linearly, for instance with the aid of a 
clockwork drive, because if a linearly increasing blackening of the ring autoradio- 
graph is to be achieved, the various exposure times (for the various parts of the ring) 
have to follow a geometric series and not an arithmetic one. Therefore the rotary 
motion is carried out in 50 single steps, using a gear-wheel and a magnetic switch 
(not shown in Fig. 5). At different times an electrical contact gives an impulse to the 
magnet, which in turn moves the gear-wheel one step further. The various times are 
regulated by a simple additional switch apparatus, which delivers the necessary 
electrical contacts to the magnetic switch. 

If the exposure time for the first step is t min, the time for the second step is t.k, 
for the third t.k2 and so on. The exposure time for the last step, i.e., for the last little 
segment of the ring, is therefore t.!Fg min; this is the maximum exposure time, and 
so also the time for a complete rotary motion of the film + filter. This total ex- 
posure time has been chosen to be 12 hr, the time for the first step t is about 10 min 

and k is “Jz (= 1.0905). This means that every eighth step has exactly double the 

exposure time of the first one, because (v2)8 = 2. The “ring chrono-autoradio- 
graph” is then nothing but a circular stepped grey wedge. 

In this way, chrono-autoradiographs are prepared from 1,2,4,8 and 10 drops of 
a standard solution of a radioactive isotope. From 1 drop of the unknown solution 
a chrono-autoradiograph is likewise prepared. Evaluation of the sample ring chrono- 
autoradiograph is made by comparing it with various (usually 3 or 4) standard ring 
chrono-autoradiographs. 

The unknown autoradiograph is placed almost on top of, but separated by l-2 mm 
from one of the standards and turned (clockwise or anticlockwise) until the best 
coincidence of blackening is observed. The number of steps (50 for the total ring) 
through which the sample chrono-autoradiograph had to be turned is noted. This 
is best done by illuminating the two rings from below and applying a simple dial, of 
which the circle is divided into 50 sectors (equal to the number of steps in the exposure 
apparatus). 

As an example, suppose the unknown ring had to be turned clockwise 6 steps to 
give the same appearance as the standard ring. This obviously means that the activ- 
ity of the sample solution is higher than that of the standard solution, because it gave 
at a shorter exposure time already an equal degree of blackening. The difference is 

6 steps, which means the activity is (v2)6 = 1.495 times that of the standard solution. 
Because drop numbers can be varied and also the exposure times (one is not 

bound to 12 hr: 6, 24, 48 or other multiples of 12 hr could be used), the range of 
activities which can be measured is extremely wide. A very simple arithmetical 
treatment gives the ratio of the activities of the unknown and the standard solution. 
In the calculations the different rotation times and drop numbers have, of course, to be 
taken logically into account. As long as the factor k is the same, all sample rings can 
be compared with the same standard scale, irrespective of the rate of the rotation in 
the exposure apparatus. Because it would surpass the scope of this review to describe 
the arithmetical evaluations in detail, the reader is referred to the original publication4s 
for this information. 
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It is also possible to compare a sample autoradiograph derived from a different 
active isotope than that from which the standard scale has been prepared. In this 
case, the result has to be multiplied by a suitable isotope conversion factor, which 
has been determined experimentally by a single standardisation. So far s9Fe, s2P, 
%U, 6oCo, 13’Cs, s6Zr, s”Sr, lWe and loeRu have thus been determined over a wide 
range of concentrations, down to nano-curie and even less. 

In a second publication, 4g the precision and sensitivity of this method are discussed 
and detailed procedures for the determination of the conversion factors are given 
(cobalt/caesium, cobalt/zirconium, cobalt/strontium, cobalt/cerium, cobalt/ruth- 
e&m). Chrono-autoradiography in its many aspects is summarised in a further 
publication.13 

These methods have been applied to the investigation of very dilute radioactive 
solutions and waste waters. The dilute solutions are concentrated on the ring oven 
itself, using a simple glass apparatus which delivers sample solution continuously to 
the filter paper on the ring oven. The “active rings” are then chrono-autoradio- 
graphed as described above. The detection limits were found to be of the order of 
nano-curies or even less, using a total exposure time of only 6 hr.50 

An exposure apparatus for chrono-autoradiography has also been devised which 
allows a continuous rotation instead of a stepwise one, as is the case in the apparatus 
just described. The rotation must not, of course, be linear, for reasons already 
mentioned. Therefore, a programme curve disk takes care of the necessary expo- 
nential rotational course.51 

As stated above, the simplest method for the determination of radioactive sub- 
stances is the direct autoradiography of sample rings, but the problem is here to 
ascertain suitable drop numbers of the unknown solution for preparation of the 
necessary 3 sample rings. A newer method has been described, in which this 
difficulty was overcome without any special exposure device.S2 

From a standard solution of an active isotope, standard rings with 1,2,4,6,8, 10, 
13 and 20 drops are prepared and exposed to X-ray film for 20 hr. It is, of course, 
essential that the standard solution has a suitable activity (a& in order to obtain a 
well differentiated standard scale. Sample rings are prepared from the unknown 
solution with 1, 4, 8, 16 and 20 drops (of the same volume as the standard drops, 
of course) and each of them is “sandwiched” between two pieces of X-ray film and 
exposed (weighted with a glass-plate). After 1, 12 and 125 hr the upper ti covering 
the sample rings made from 20,16 and 8 drops, respectively, is developed. The upper 
films serve only for “piloting experiments” to ascertain the necessary exposure time, 
For the final comparison, the second (underlying) films are used. 

The drop numbers and exposure times have been chosen so that always at least 
three of the 5 sample rings must fall within the standard scale, if the concentration 
(activity) of the unknown solution is between a fiftieth and fifty-fold that of the stand- 

ard solution (l/50 aSt - 50 ~lgJ. This is a limitation, but for most practical purposes 
a concentration range of the sample solution from I:2500 is certainly sufficient. 

The resulting ring autoradiographs are compared with the standard autoradio- 
graphs as usual. The calculation is simple: 

as %t fst -=-_- 
=st % 43 

6 
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where aJust = the ratio of the activity of sample solution to standard solution, 
Zzst = the total number of drops of the standard rings to which the three 

sample rings have been aligned, 
Xzs = the total number of drops from which the 3 sample rings have been 

prepared, 
and ts, and ts = the exposure time for standard and sample ring autoradiographs, 

respectively. 

It is also possible to chose other values for the exposure time of the standard 
scale as well as for the sample rings, and other drop numbers. A different range of 
concentration of the unknown solutions can be covered by this method. 

Several radioactive isotopes have thus been determined with a satisfactory degree 
of accuracy (& 10%) :&Ca, l*‘Cs, “OAg, 2wT1 and 9oSr/Y. 

If the difference of the exposure time of the standard scale and the sample rings 
is too great (e.g., 20 - 120 hr), then the “fading” effect enhances the degree of error 
and the blackening of the longer exposed film becomes weaker than it should be. 
This can easily be avoided (or at least greatly reduced) by autoradiographing at a 
temperature of -20” in a cool box. 

Whereas all of these methods aim to determine radioactive substances themselves, 
in the procedure to be described next radioactive isotopes are used for the deter- 
mination of inactive substances. An isotope dilution method in combination with 
the ring oven technique has been worked out, which allows the determination of 
submicrogram amounts of various ions. Only 1 drop of a rather dilute solution of the 
respective active isotope is needed.63 

To the solution (2 or 3 drops) of an ion (x pg), an always constant amount (a ,ug) 
of the same ion, labelled with an active isotope of this ion, is added. With a constant 
amount of a suitable reagent, part (b pg) of the total amount x + a is precipitated 
and separated on filter paper on the ring oven. The amount b is collected in the inner 
ring zone (14-mm diameter), whereas the rest (x + a - b) is transported to the outer 
ring zone. The separations are carried out with the aid of the auxiliary ring described 
ab0ve.l The impulses (cpm) corresponding to b and x + a - b, respectively, are 
determined by a suitable counting device (Geiger-Mtiller counter) after the filter paper 
has been cut by a pair of scissors. 

It is also possible to carry out the reverse procedure: to precipitate the total 
x + a in the inner ring and to add a certain amount of a reagent, which dissolves 
b pg of the precipitate. The amount b is then washed to the outer ring zone. Under 
identical conditions, a series of solutions of known concentrations of the ion are 
treated, the ratios of the two impulse rates (for b and x + a - b) are determined and 
plotted graphically versus the concentrations, thus giving a standard curve. The 
unknown solution is treated in exactly the same way, and the evaluation of the results 
is done graphically. It is, of course, important that the solutions are mixed as uni- 
formly as possible. This is carried out in a blood mixing pipette. 

In this way, calcium [+ EDTA, (NH&HPOJ, phosphate (+ CeCls, aqueous 
NHJ and iron [+ K,Fe(CN),] have been determined in the range O-1 - 1 pLg/$ 
with a satisfactory degree of accuracy. It should likewise be possible to carry out the 
measurement of the activity by autoradiography. The advantage of this method is 
obviously that only very small activities need to be applied, so that the technique can 
be used in an ordinary chemical laboratory without any danger. 
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Hilton and Reed’l recently determined caesium-137 in irradiated uranium solutions 
using the following technique. A drop of sample solution was placed on a preformed 
precipitate of iron II1 hydroxide at the centre of a filter paper. This precipitate ad- 
sorbed unwanted radioactive components. Caesium-137 was then washed, on the 
ring oven, with aqueous ammonia and water into the ring zone, where it was sub- 
sequently evaluated by y-ray scintillation spectrometry. Apart from the advantages 
of speed, simplicity and negligible use of shielding, the method was precise and did 
not need any determination of the yield because a calibrated standard was always 
analysed under the same conditions as the sample. The authors suggested the ring 
oven technique in conjunction with y-ray spectrometry should prove effective for 
determining many radionuclides in complex mixtures. 

It seems that the ring oven method could be used also for educational purposes 
in the field of radiochemistry with advantage, because it allows experiments to be 
carried out with extremely small amounts of radioactive substances. 

IN COMBINATION WITH OTHER TECHNIQUES 

Several methods have already been mentioned, both in the monograph and in the 
present review, which are based on combinations of the ring oven method with other 
well established analytical procedures, e.g., autoradiography, paper chromatography, 
electrographic sampling. 

Biro” applied the ring oven method in connection with electrographic sampling 
of metallic specimens in a similar way to that already described by Stephen and by 
Nall (cJ monograph). Application of the ring oven method and especially its com- 
bination with electrographic sampling in the analysis of metals has been recently 
reviewed in detail by Ottendorfer.” 

Mooney6b described an interesting method which might be generally applicable, 
namely, combination of the ring oven technique with cation exchange and emission 
spectrography. The sample drop is spotted on a small circular disk (g-mm diameter) 
of cation exchange paper (Whatman CM 50) and dried. The disk is then placed on 
an ordinary filter paper on the ring oven and the anions washed with water to the 
ring zone, where they can be identified in the usual manner. Cations are either de- 
tected spectrographically by placing the disk directly in a graphite electrode for the 
d.c. arc method, or they are eluted from the ion-exchange paper into the ring zone 
of another filter paper, using 3M nitric acid as a solvent. In this “cation ring zone” 
the various metal ions are either detected by conventional chemical identi6cation 
reactions or, in a sector, again spectrographically. Some of the metals which are 
present as anions (such as molybdate and chromate) are to be found, of course, al- 
ready in the first ring zone, together with the other anions. The practical cation 
capacity of the ion-exchange paper and the sensitivety of the spectrographic deter- 
mination for a number of metals have been studied. So far, only a rather limited 
number of examples for this technique has been communicated, but it is to be hoped 
that the author will continue with his interesting work. 

CONCENTRATION OF SUBSTANCES IN THE FORM 

OF A STRAIGHT LINE 

In the ring oven method, the concentration of the soluble substances contained 
in a sample drop takes place in the form of a sharply developed ring of 22-mm diam- 
eter; this causes a concentration effect of about 3-10 fold. It is obvious that a 
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ring oven having a smaller bore hole diameter would enable a still higher concen- 
tration effect to be achieved. However, it would also give a ring with a smaller 
circumference. Because the ring oven method has now been developed for separations 
and semiquan~~tive dete~nations, too small a ring would give difficulties in this 
respect. With a smaller circumference of the ring, the number of sectors into which 
it can be cut for various identification procedures must logically decrease. 

Within the last few years, several authors have described methods of concen- 
trating substances on filter paper strips which result in short straight lines. Farr and 
Chaney34 used for their method of determining proteins a modified ring oven, by 
which the substances are concentrated along a line. Schwarz-Bergkamp~’ described 
a very simple tool (gas-heated) for the accumulation procedure. Bir668~5g published 
his “line oven”, which consists essentially of two heating blocks, which can be pushed 
against each other, one serving for concentration of the sample constituents (as usual 
in the ring oven method) and the other, suitably positioned, serving to protect Yines” 
which had been previously developed, against the solvent. 

ReimersGo described a “rod oven”, which does not seem to bring about any new 
possibilities at all. 

It has been showrP that the ring oven in its original form can also be used ad- 
. vantageously for the concentration of substances along a short straight line. The 

sample drop is spotted on a filter paper strip of 6-mm (or even less) width. This strip 
is placed across the ring oven so that the spot lies between the middle and the edge 
of the bore hole. Using a capillary washing pipette with a suitable solvent, the 
soluble substances are then concentrated in the form of a short (6 mm or less, de- 
pending on the width of the paper strip) line. By suitable movement of the filter paper 
strip on the ring oven and by selection of the appropriate fixation reagents and 
solvents, the components contained in the sample drop can be separated from each 
other and concentrated in parahel lines on the paper strip, as with the other newer 
described concentration devices. 

LITERATURE 

The ring oven method has been frequently reviewed, and only a few of these 
articles need be quoted here. These reviews have, without doubt, contributed much 
to the growing interest in this field of ~crochemistry. Ge~an,*z~~ ~ng~sh,~~~ 
Finnish,BB SpanishB7 and ItaliarP papers have summarised the method. 

In several text books and hand books of analytical chemistry, the ring oven method 
has been described, e.g., in Feigl’s Spot Tests in Inorganic Analysis,72 in Standard 
Methods of Chemical Analysis edited by Welcher.73 

Amongst the many comments on the monograph there is to be found a rather 
negative one.@ The critic, who preferred to remain anonymous, was under the 
misapprehension that the ring oven technique was a form of paper chromatography 
and that it is by no means. He believed that the then limited number of publi- 
cations did not justify the compilation of the monograph. It is to be hoped that a 
comparison of the number of publications on this subject then and at present will 
prove the contrary. 

FUTURE DEVELOPMENTS 

In order to make this present review as complete as possible, it seems to be nec- 
essary to mention studies which are currently being carried out. Only those can be 
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quoted here, of course, which derive from the laboratories of the reviewer or of 
colleagues who were so kind as to communicate with him about their present work 
in this field. 

Ring autoradiography and the isotope dilution method will be applied to more 
ions. A systematic qualitative separation scheme for a greater number of radioactive 
substances contained in one single drop is at present under investigation. 

A qualitative and semiquantitative scheme for toxicological analysis will soon be 
available. Ring calorimetric methods for a number of dyes70 and other organic 
substances and for the noble metals’O are likewise under investigation. 

Many new reactions both for organic and inorganic substances will be worked 
out for use with the ring oven and so contribute to the wider use of this technique. 
Air pollution studies are being continued. The method will be applied in the field 
of testing foodstuffs, especially in the dairy industry. 

These few newer applications will, it is to be hoped, show that the ring oven 
method is being still further developed. The reviewer would be glad to learn of any 
information at present unknown to him and cordially invites colleagues who work in 
this field to communicate with him. 

Zusatnmenfassung-Eine ubersicht iibcr neue Entwicklungen in der 
Ringoftentechnik wird gegeben. 

R6sume-On presente une revue des developpements r&ems dans la 
technique du four annulaire. 
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Summary-Formation constants for alkali metal-citrate and -malate 
complexes have been evaluated by cation-sensitive glass electrodes. 
Use of a potential comparison method was found to be beneficial in 
improving the reliability and accuracy of such measurements. Forma- 
tion constants for alkali metal-malate complexes agree well with the 
literature dam; corresponding values for citrate complexes have not 
previously been published. 

INTRODUCTION 

In an earlier paper1 we demonstrated the usefulness of cation-sensitive glass electrodes 
in the study of weak alkali metal complexes. The accuracy of the reported measure- 
ments for the formation constants of alkali metal-malate complexes was primarily 
limited by experimental problems inherent in the potentiometric procedures used. 
A potential comparison method has now been devised which largely eliminates 
sources of error, such as electrode drift and variation in solution composition, yet 
retains the advantages gained by the use of cation-sensitive glass electrodes. Briefly, 
this method involves the adjustment of the alkali metal activity of a solution containing 
known concentrations of complexing ligands by the incremental addition of concen- 
trated solutions of alkali metal ions or ligands until the potential of the complex- 
containing solution becomes exactly equal to that of a solution containing only known 
concentrations of alkali metal ion. From initial concentrations and volumes of 
metal ion or ligand solution added, the formation constants of complexes formed can 
be easily calculated. 

Apparatus 
EXPERIMENTAL 

All potentiometric and pH measurements were made using a Beckman Model 76 Expanded- 
Scale pH meter. A Beckman #39137 cation-sensitive glass electrode vs. #39170 fiber junction 
saturated calomel reference electrode (SCE) was employed. A #41263 pH glass electrode vs. SCE 
was used for all pH determinations. 

An A. H. Thomas Co. #2457 Shohl microburette of 2-ml capacity with a hypodermic syringe 
needle-type delivery tip (luer lock slip hub, s.g. #25) was employed in accordance with the manu- 
facturer’s directions. 

Reagents 
All solutions except that of malic acid were prepared by weight from reagent-grade materials, 

and were used without further nuritication. 
Alkali metal chlorides: Weigh 146120,29*2240 and 43.8360 g of NaCl and bring each with water 

to a total volume of 0.250 litre, thus preparing 1~000,2GOO and 3-OOOM stock solutions. Serial 
dilutions of 0.300, 0.200, 0.100 and O*OSOM are made. Similar 14OOM stock solutions of KCl, 
LiCl, RbCl and C&l, with serial dilution to 0.lOOM, were prepared. 

* Part I: Talanta, 1964, 11, 617. 
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Malic acid: (Purified powder, racemic). Weigh 335230 g and dilute to 0.250 litre with water to 
make a l*OOOMstock solution, with serial dilutions of 0~300,0~200,0~100 and 0.05OM. Stock solutions 
must be prepared fresh daily. 

Citric acid: Weigh 52.5365 g and dilute to 0.250 litre with water to make a l.OOOMstock solution; 
make serial dilutions as with malic acid. 

Hydrochloric acid: Dilute concentrated hydrochloric acid (12.4M) with water to make 1.0 litre of 
1.2M and O-250 litre of 6*2M solutions. 

THAM-HCI buffer solution: Weigh 145.3680 g of tris(hydroxymethyl)aminomethane (THAM), 
mix with 0.344 litres of 1.2M HCl, and dilute with water to total volume of 2.0 litre. This will give a 
solution of pH 8.45 f 0.01, and is sufficient for 20 determinations. 

Preconditioning solutions for cation-sensitive glass electrodes: Dilute 41.67 ml of O*lM NaCl to 
O-250 litre total volume with buffer solution. 

Procedure 
The following is a typical procedure used in the study of the sodium-citrate complex: pipette 10 m 

of O.lM NaCl and 50 ml of buffer into a lOO-ml beaker to make the standard solution, s. Pipette 
10 ml of O.lM citric acid and 50 ml of buffer into a second lOO-ml beaker to make the test solution, t. 
Measure the pH of the solutions. The pH of s > the pH of t, therefore adjust the standard with 
additions of 6.2M HCl until pH of s = pH oft. Next, measure the potential of the standard 
solution, mu,, and of the test solution, mu,, with a cation-sensitive glass electrode vs. SCE, finding 
that mu, > muI. Now titrate l*OM NaCl into the test solution until mu, = mvt on successive meas- 
urements. To determine the amount of NaCl complexes, c, by the citric acid apply the following: 

meq of NaCl(t) - meq of NaCl(s) = meq of NaCl(c). 

Assuming, for purposes of illustration, that a 1: 1 complex is formed, the formation constant, 
K,, of the complex can be calculated by the standard methods. 

A back-titration of the above system can be performed as follows: the standard solution contains 
10 ml of 0.1 M NaCl and 50 ml of buffer : the test solution contains O-1 M NaCl in excess of 10 ml and 
50 ml of buffer. Suitable pH measurements and adjustments are made. Potentiometric measure- 
ments show mu, < rnv$. Titrate l.OM citric acid into the test solution until mu, = mvt as above. 

All formation constant values reported are calculated from an average of 3 or 4 determinations. 
Magnetic stirring was used throughout, and all determinations were carried out at room temperature, 
25.0 f 0.5”. Preconditioning of the cation-sensitive glass electrode is essential if reproducible 
potentials are to be obtained. The pre-conditioning solution must be as similar as possible to the 
standard solutions employed; electrodes should be soaked for a minimum of 24 hr before use. 

RESULTS AND DISCUSSIONS 
General considerations 

In order to treat the system quantitatively, the appropriate pH, ionic strength, 
and particular buffer system employed must all be taken into consideration. Citric 
acids has pK, = 3.08, pK2 = 4.39, and pK, = 5.49. Thus, to study the system : 

M++As- 
[ MA2-] 

+ MAW22 K, = ]M+]]Aa-] 

where M+ is the alkali metal ion and A3- is the citrate anion, the pH of the system 
must be greater than 5.49. The THAM-HCl buffer at pH 8.45 & 0.01 was chosen 
for the following reasons : 

(1) If pH I 5, the potential developed by the cation-sensitive glass electrode is a 
function of pH and pM/ 

(2) It is desirable to work in alkaline medium to ensure complete dissociation of 
the citric acid. 

(3) A 1: 1 complex, MA2-, could not exist at pH 5.49. 
(4) The THAM-HCi buffer cation, (CH,OH),CH,N+, probably forms no com- 

plexes with citrate or malate anions. 
(5) The cation-sensitive glass electrode does not respond to (CH,OH),CH,N+. 
(6) To maintain the ionic strength of the standard and test solutions equal and 

constant, a high buffer concentration is employed. 
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Malic acid has pK, = 3.62 and pK, = 4.68. 3 Thus, similar considerations apply 
to the system: 

s 

M+ + A2- 
MA-1 

* MA-p Kf = [~+l[~“l 

where M+ is the alkali metal and A2- is the malate anion. The same buffer was used 
to study the 1: 1 malate complex, MA-, which is assumed to be the predominant 
species formed. 

E$ect of pH 

For the sodium-citrate system, a pH change from 8.30 to 8.01, over a concentration 
range of initial citrate concentrations from @l to 0*3M, results in a change of Kf = 1.0. 
At constant pH 8.00, a change in citrate concentrations from 0.1 to 0.3M results 
in a K, change of only 0.2 (see Table I). This small change probably arises from 

TABLE I.-EFFBCT OF pH ON FORMATION CONSTANTS 

Initial salt and 
System acid concn., M PH %, mllmq 

NaCl + citric acid 

NaCl + malic acid 

8.30 5.0 f 0.1 
8.17 4.3 f 0.1 
8.01 4-o * o-1 
S-00 4.2 f 0.1 
8.00 4.1 f 0.1 
S-00 4.0 f 0.1 
8.48 2.0 f 0.2 
8.38 1.9 & o-1 
8.30 1.6 f O-1 
8.20 1.6 f 0.1 

- 

unavoidable ionic strength variations as the ratio of buffer and ligand to metal ion is 
changed. It is clear, therefore, that while high buffer concentrations provide adequate 
control over ionic strength changes, rigid maintenance of constant pH values in all 
solutions is critical. 

Ratio of metal to l&and 

The effect of changes in the ratio of metal ion to ligand concentration was tested 
over the range of initial sodium and citrate concentrations of O-1 to 0*3&f. Experi- 
ments carried out at pH 890 and constant ionic strength are summarised in Table 
II. Essentially, constant formation-constant values are obtained at equal metal ion 
and ligand concentrations, thus confirming the formation of a 1: 1 complex. 

TABLE II.--RATIO OF METAL ION TO LIGAND 

NaCl + citric acid (pH 8.00 constant) 

Initial salt and 
acid wncn. M % Kf, f&. mllmeq 

0.1 4-2 10.9 16.8 
0.2 4.1 7.7 10-4 
0.3 4.0 6.1 7.8 
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Formation constants for the citrate and malate complexes 

Formation constants for the alkali metal-citrate complex, MA%, at constant 
initial metal and salt con~ntration of O*lM and pH 8.30 f O*Ol, and for the malate 
complex, MA-, at 0*1.&i concentration and pH 8.35 Ifr O-01, are summarised in 
Tables III and IV respectively. Both forward- and back-titration values agree for 

TABLE III.-FOIMATION CONSTANTS OF ALKALI METAL-CITRATES 

Complex 

Liis- 
NaA2- 
KAZ- 
RbAB- 
CsAa- 

Initial salt and 
acid conen., M 

0.1 
0.1 
0.1 
0.1 
0.1 

PH X;, Elmer 

8.32 6.8 f 0.1 
8.30 5.0 jl 0.1 
8.30 3.9 & 0.1 
8.30 3.1 rt: 0.1 
8.32 2.1 zfr: 0.1 

TABLE IV.-FORMATION CONSTANTS OF ALKALI METAL-MALATL~ 

Complex 

LiA- 
NaA- 
KA- 
RbA- 
CsA- 

Initial salt and 
acid Gown., M 

0.1 
0.1 
0‘1 
0.1 
0.1 

PH 4, mllmq 

8.35 2.4 j, 0.1 
8-38 I.9 & 0.1 
8.35 1.5 f 0.1 
8.36 1.1 f 0.1 
8.35 0.7 f 0.1 

these complexes. The K, values for malate complexes of sodium and caesium agree 
within &O-O5 with those obtained by Erickson and Denbo,2 and represent consider- 
able improvement over values reported in our f&t paper.l Formation constant values 
for alkali metal-citrate complexes have not been previously reported in the literature. 
It is interesting to note that the magnitudes of &values for both citrate and malate 
complexes depend on the alkali metal ion involved, and follows the trend Li+ > Na+ 
> K+ > Rb+ > Cs+ predicted by the trend in charge metal ion radius ratios.2 

CONCLUSION 

Because the potential values measured by the glass electrodes are used only as 
reference points to indicate when the activities of alkali metal ion in the standard 
and test solutions are identical, possible errors from electrode drift or temperature 
effects are of no consequence. In fact, the method does not even require that the 
electrode shows Nernstian behaviour. Dilution errors and ionic strength changes are 
reduced to a minimum by the use of concentrated titrants and high buffer concentra- 
tions. The accuracy with which formation constants can be determined depends, 
therefore, primarily on the limitations of the titrimetric technique employed. A real 
limit is imposed, however, by the response of the glass electrode to hydrogen ions in 
regions of pH < 5. 

The potential comparison method can be used to determine formation constants 
of any weak complex of alkali metal cations with organic acids, if proper precautions 
are taken to eliminate interfering species, control pH, and maintain ionic strength. 
Complexes of bivalent cations should be amenable to this method when the phosphate 
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glass electrodes of Truesdell and Pommel or similar specific-ion electrodes become 
more widely available. 

Acknowledgement-The financial support of MH grant GM 10086-02 is gratefully acknowledged. 

Zusammenfasrung-Bildungskonstanten von Alkalimetallkomplexen 
mit Zitronen- und Apfelslure wurden mittels kationenempfindlicher 
Glaselektroden gemessen. Eine Potentialvergleichsmethode wurde als 
geeignet befunden, urn die Zuverliissigkeit und Genauigkeit solcher 
Messungen zu steigem. Die Bildungskonstanten der Malatkomplexe 
stimmen gut mit Literaturwerten iiberein; entsprechende Werte fiir 
Citratkomplexe waren bisher nicht publiziert. 

Resume-Les constantes de formation de complexes metal alcalin- 
citrate et -malate ont et6 estim&s au moyen d’electrodes de verre 
ratio-sensibles. On a trouve que l’emploi dune m6thode de compar- 
aison de potentiel est avantageuse, car elle ameliore la surete et la 
precision de telles mesures. Les constantes de formation des complexes 
metal alcalin-malate sont en bon accord avec les don&s de la littera- 
ture; les valeurs correspondantes des complexes citriques n’ont pas 
et& publi&s anterieurement. 
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DTPA TITRATION OF ZINC IN PRESENCE OF CADMIUM 
AND OTHER METALS 

H. FLASCE~KA and J. BUTWER 
School of Chemiitry, Georgia Institute of Technology, Atlanta, Georgia, U.S.A. 

S~~-~~c can be titrated in the presence of large amounts of 
cadmium in the following manner, The sample is neutralised and 
buffered to pH 5% with an acetate buffer. Potassium iodide (up to 
about 60% w/u, depending on cadmium concentration) and Xylenol 
Orange as indicator are added and the titration is performed photo- 
metrically at about 57Omp with DTPA as titrant. Correct results 
have been obtained with Cd/Zn mole ratios up to 3300. interferences 
and tolerable limits of concentrations of some other metal ions have 
been investigated. 

MASKXNG by means of the formation of soluble complexes is the most convenient and 
practical method of e~minating interferences in chelometric titrations. Generally, 
moderate concentrations of ligands which form highly stable complexes are preferred, 
Thus, 1: 1 complexes, whose stabilities are enhanced by the chelate ef%ct, or 1: n com- 
plexes of very high stab~ties are usually employed. There are only a few exceptions 
where high concentrations of ligands which form rather weak 1 :n complexes have 
been used. The most notable example is the masking of thorium da the formation of 
sulphato complexes1 (log RThfso,), = %.)a 

It seemed of interest to investigate more closely the possibilities of “low stability 
masking” and, as a first result, the masking of cadmium with iodide was achieved.a 
That investigation revealed that cadmium can be successfully masked by high con- 
centrations of iodide (ea. 544) against reaction with some chelons and metallochromic 
indicators. Zinc is little affected by iodide, and can be titrated at pH 5 in the presence 
of cadmium to a visual end-point with Xylenol Orange as indicator. The apportion 
of the method is limited, however, in that only rather small amounts of lead, copper, 
calcium and ma~esium can be tolerated and that the deterioration of the quality of 
the end-point with increasing cadmium concen~ation sets the m~mum Cd/Zn mole 
ratio at about 300. A photometric technique should allow end-point detection over a 
more extended range than the visual method and has therefore been applied to the 
system. 

EXPERIMENTAL 
The absorbance curves of Xylenol Orange and its zinc and cadmium complexes at pH 5.0 are 

shown in Pig. 1. In solutions containing 10 or more per cent w/u of potassium iodide, the cadmium- 
Xylenol Orange complex is essentially completely dissociated. The maximum absorbance difference 
between the zinc-Xylenol Orange complex and the free indicator occurs at about 572 rnp. 

Some prelinGmary experiments indicated that zinc could be su~ss~ily titrated with EDTpl to a 
photometric end-point in the presence of up to about a 3OtKl-fold excess of cadmium. With much 
cadmium present, however, prolonged drift of the galvanometer implied that the titration reaction 
was quite slow. Neither addition of ethanol or acetone nor changing the concentrations of buffer, 

* Part VIII: ~~kr~cki~. ~c~u~~yf. Ada, in the press. 
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dye or iodide improved the situation. Other chelons were therefore investigated as titrants for the 
method and DTPA (diethylenetrinitrilopenta-acetic acid) was found to be satisfactory. With DTPA 
as titrant, the titration reaction is fast except near the end-point; there, however, because of the 
extrapolative nature of the method, no data are needed. It also proved possible to titrate zinc in the 
presence of large excesses of cadmium despite the fact that the DTPA complex of cadmium is more 
stable than that of zinc (log Kcdy = 19.0, log Kzny = 180),” a situation less favourable than in 
the case of EDTA (log Koav = log Kzny = 16.5)’ 

Below pH 5, the degree of dissociation of the zinoXyleno1 Orange complex increases rapidly with 
decreasing pH. Only slightly above pH 5, the rate of the titration reaction slows considerably and, 
in high concentrations of potassium iodide, the indicator begins to change to its red form whose 
absorbance curve is very similar to that of the zinc Xylenol Orange complex. 
fore selected for the titration. 

A pH of 5.0 was there- 
A Xylenol Orange concentration of 0.01 mglml in the titration solution 

was found to be satisfactory. 

0.4 
r 

Wavelength. t-np 

FIG. I.-Absorbance curves of Xylenol Orange (X0) and its zinc and cadmium 
complexes at pH 5: 

A: free X0, 
B: X0 + excess Cd, 
C: X0 + excess Zn. 

Reagents 

All reagents were of the highest available purity except potassium iodide, for which U.S.P. grade 
was found to be adequate. Only de-ionised water was used. A O~lOOOMzinc solution was prepared 
by dissolving 6358 g of zinc metal (99.99% purity) in nitric acid and diluting to 1 litre. Approximately 
O.lM DTPA was obtained by suspending 39.3 g of the acid in water, adding sufficient sodium 
hydroxide to bring about dissolution and diluting to 1 litre. This solution was standardised uersus 
the zinc solution at pH 5 with Xylenol Orange as indicator. lo-*M DTPA and 5 x lo-%f zinc 
solutions were prepared by appropriate dilution of the respective stock solutions. An acetate buffer 
of pH 5.0 was obtained by dissolving 68 g of sodium acetate trihydrate in about 700 ml of water, 
adjusting the pH to 5.00 with concentrated hydrochloric acid and diluting to 1 litre. The indicator 
solution consisted of 50 mg of Xylenol Orange dissolved in 10 ml of water. Potassium iodide solution, 
100% w/u, was prepared by dissolving 250 g of U.S.P. grade potassium iodide in sufficient hot water 
to make about 240 ml, filtering the hot solution, cooling and diluting to 250 ml. The indicator and 
DTPA solutions were stored in polyethylene bottles. 

Apparatus 

The phototitrator described by Flaschka and Sawye+ was employed with a glass heat filter 
mounted in the light path.6 An interference filter with a nominal wavelength of 568 m,u was used. 
All titrations were performed in a glass cell of 2-cm light path and 60-ml capacity. 

Procedure 

Accurately measured amounts of metal solutions were delivered into the titration cell; the 
resulting solution was neutralised when necessary. About 5 ml of buffer and IO-25 ml of potassium 
iodide solution were added. The solution was then diluted to about 40 ml, the cell placed in the 
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phototitrator and the latter adjusted to indicate a transmittance of 105-l 10%. Two drops of indicator 
solution were added and the titration was performed in the usual manner, using lO-*M DTPA as 
titrant. 

RESULTS AND DISCUSSION 

The results of several titrations of zinc, alone and in the presence of cadmium and 
some other metals, are presented in Table I. The tendency to positive errors with 
increasing amounts of cadmium is probably because of trace impurities, most likely 
zinc, in the cadmium used. 

With increasing amounts of cadmium present, the titration curve degenerates, as 
indicated in Fig. 2. Solutions with a Cd/Zn ratio of 3300 could, however, be success- 
fully titrated in contrast to the visual method in which the maximum ratio was 
about 300. 

With the photometric end-point, the situation with regard to other interferences 
also improves considerably. Calcium and lead can be tolerated in greater than a 600- 
fold molar excess. Magnesium was tested up to 3000-fold excess and even higher 
amounts should not interfere. Mercury is masked completely by iodide and does not 
interfere when present in any reasonable amount. A Cu/Zn mole ratio of about 200 

TABLE ~.-PHOTOMETRIC~RATIONOFZIN~,ALONEANDINTHEPRESENCEOFSOME 
OTHERMETAL. 

Zn taken, 
@ 

1.01, x lo-*MDTPA, ml 

Calc. Found Diff. 

Metal added, Mole ratio KI, 
mg of metal : Zn oJ~/u 

131 1.97 1.97 
131 1.97 1.95 
131 1.97 1.97 
229 3.45 3.47 
262 3.94 3.95 
262 3.94 3.98 

*040 
-0.02 

30 
30 
63 
30 

*0GO 
+0.02 
to*01 30 

63 
63 

+0@4 
+0.01 
*0GO 
-0.04 
+0.06 
$-o-o3 
+ 0.03 
+0.05 
+0.03 
+0.04 
*0.00 
+0.01 
&O+lO 
+0.04 
+0.03 
-0.02 
+0.07 
-to.04 
*0GO 
+0.02 
&O+lO 
+0.01 
+0.02 
-0.02 

248 3.81 3.82 
98 1.48 1.48 

Cd 282 
Cd 169 
Cd 450 
Cd 28W 
Cd 564 
Cd 337 
Cd 450 
Cd 562 
Cd 562 
Ca 20 
Ca40 
Mg 122 
Pb 124 
Pb 207 
Bi 0.4 
Bi 4 
Bi 6 
Cur1 32b 
CrrII 3 
Hgr’ 320 
Al 0.3” 
Al 0.36 
Al la 

660 
1000 
1000 
1000 

63 
63 262 3.94 3.90 

163 2.47 2.53 
248 3.81 3.84 

50 
1320 63 
1500 50 131 1.97 

131 1.97 
131 1.97 
98 1.48 

2.00 
2.02 
203 

63 
2500 63 
3300 63 1.52 

163 2.47 2.47 
98 1.48 1.49 

200 50 
50 
50 
50 
50 

670 
3000 163 

196 
105 
98 

229 
131 
163 

2.47 
2.96 
1.58 
1.48 
3.45 
1.97 
2.47 

2.47 
3.00 
1.61 
1.46 
3.52 
2.01 
2.47 
2.98 
1.97 
3.07 
3.57 
2.45 

200 
630 

1 
6 

2: 
20 

800 
3 
3 

20 

50 
50 
50 
50 
50 196 2.96 

131 1.97 
203 3.06 
235 3.55 
163 2.47 

o Solution O%M in tartrate. 
* Iodine removed with thiosulphate. 
c Solution 0.05M in sulphosalicylic acid. 
d Spatula tip full of Tiron added. 
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1-014 ~10~’ M DTPA, ml 

FIG. 2.4ntiuence of cadmium concentration on the titration curve: 
A : CdlZn = 0, 
B: Cd/Zn = 1500, 
C: Cd/Zn = 3300. 

can be tolerated. Aluminium, if masked by Tiron, can be present in about 20-fold 
excess ; chromium and bismuth can be tolerated to about the same extent. The 
addition of tartrate (ca. 0*05M) does not interfere, but does not materially aid in the 
masking of bismuth. 

Cobalt, ironI’, manganese, nickel and vanadate interfere by complete or partial 
cotitration. Iron”’ blocks the indicator. Gallium and indium appear to cotitrate, even 
in the presence of tartrate; the indium interference is not removed by chloride. 

Acknowledgmenf-This work was supported by a grant from the National Science Foundation, 
which aid is most gratefully acknowledged. 

Zusannnenfassunr-Zink kann in Gegenwart betrbhtlicher Mengen an 
Kadmium in folgender Weise titriert werden. Die Probelosung wird 
neutralisiert und mit einem Azetatpuffer von pH 5 versetzt. Kalium- 
jodid (bis zu 60 g per 100 ml, je nach der Kadmium-Konzentration) 
und Xylenolorange-Indikator werden zugegeben und die Titration 
wird sodann in tlblicher Art durchgeftihrt. Es wird bei 57Om,u 
gearbeitet; DTPE dient als Titrationsmittel. Korrekte Ergebnisse 
werden bis zu einem Cd/Zn Molverhahnis von etwa 3300 erhalten. 
Stijrungen und erlaubte Konzentrationen einiger anderer Metallionen 
wurden untersucht. 

Rt%ume-On peut doser le zinc en presence de grandes quantitb de 
cadmium de la facon suivante. L’echantillon est neutralid et tampon& 
a pH 5,0 avec un tampon a l’adtate. On ajoute de l’iodure de potas- 
sium (jusqu’a environ 60 % poids/volume, en fonction de la con- 
centration en cadmium) et de l’indicateur xylenol orange, et le dosage 
est men6 photometriquement, a environ 570 mp, au moyen de DTPA. 
On a obtenu des resultats corrects avcc des rapports molaires Cd/Zn 
atteignant 3300. On a ttudie lea interferences et lea limites de con- 
centration tolerables de quelques autres ions m&alliques. 
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ANALYTICAL USES OF BROMANILIC ACID 

R. B. HAHN, P. T. JOSEPH* and G. G. SALCICCIOLI 
Department of Chemistry, Wayne State University 

Detroit 2, Michigan 

(Received 21 February 1964; Accepted 10 March 1964) 

Summary-Bromanilic acid (2,5-dibromo-3,fklihydroxyquinone) pre- 
cipitates barium, calcium and strontium quantitatively from weakly 
acid solution, and forms a coloured complex with &cony1 ions in 
perchloric acid solution. The complex exhibits maximum absorbance 
at a wavelength of 335 mu. Beer’s law is obeved in the ranae from 
O-0 to 3.5 pp& of zirconium. Optimum result; are obtained yn solu- 
tions 2.8M in nerchloric acid. The effect of various diverse ions has 
been investigaied. Hafnium gives results identical with zirconium. 
Other interfering ions are Fe”‘, Thw, UOolr, TP, phosphate, oxalate, 
fluoride and sulphate. Errors caused by varying amounts of these 
ions have been determined. A procedure for the determination of 
zirconium is given. Bromanilic acid is a more sensitive reagent than 
chloranilic acid for the determination of zirconium, and can be used 
over a slightly greater range. 

INTRODUCTION 

CHLORANILIC acid has been used as a reagent for the determination of calcium,g~14~1s 
strontiuml* and barium.6~17 The corresponding bromo-compound, bromanilic acid 
(2,5-dibromo-3,6-dihydroxy-l+benzoquinone), has not received much attention 
as an analytical reagent, and therefore has been studied in the hope of finding a 
reagent more sensitive and more selective than chloranilic acid. 

Precipitation of barium, calcium and strontium 

In the determination of calcium, strontium and barium6~14~17 with chloranilic acid 
a known excess of the reagent is added. This forms a precipitate with the above 
ions, and the excess is then measured calorimetrically. The method is limited in 
usefulness because many cations interfere. The reaction of bromanilic acid with 
these ions has been studied. 

Ultraviolet spectrophotometric determination of zirconium 

Many reagents have been used for the calorimetric determination of zir- 
conium.2~4~6~s~13~15~16 One of the most sensitive is chloranilic acid, investigated by 
Thamer and Voigt,l’ who showed that low concentrations of zirconium (2 x 1O4- 
5 x 1odM) could be determined with accuracies within 1%. The zirconium chlor- 
anilate complex shows maximum absorbance in the ultraviolet region at 330 mp. 
Frost-Jones and YardleyG measured the absorbance of the same complex at 525 rnp 
and obtained results similar to those of Thamer and Voigt, but the sensitivity was 
less at 525 rnp than at 330 rnp. The present investigation examined bromanilic acid 
to find if it could be used for the spectrophotometric determination of small amounts 
of zirconium. 

* Present address: S. N. College, Quilon, Kerala, India. 
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Apparatus 
EXPERIMENTAL 

Absorbance measurements were made with a Beckman Model DU Spectrophotometer using 
l+)OO-cm quartz cells. 

Synthesis of reagent 

Bromanilic acid was prepared from p-phenylenediamine, which was brominated, and oxidised 
with nitric acid to form bromanil. This was hydrolysed to form bromanilic acid. Procedures are 
given in the literature.8~10~1a 

Analysis of the purified compound gave the following: found: C, 24.07; H, 0.69; Br, 53.61; 
calculated for C,He04Br,: C, 24.16; H, 0.67; Br, 53.69. Bromanilic acid is a dark-red crystalline 
powder which dissolves to the extent of 1.5 g per litre in water to give a deep-red solution. 

Solutions 
Bromanilic acid: saturated aqueous and 2 x 10-W: 0.080 g of bromanilic acid was dissolved 

in 1 litre of distilled water to prepare the 2 x 1WM solution. 
Ammonium chloranifate: 5.0 g of bromanilic acid were dissolved in the calculated amount of 

dilute aqueous ammonia and diluted to 1 litre with water. 
Zirconiumperchlorate: 0.353 g of pure recrystallised zirconyl chloride octahydrate was dissolved 

in 235 ml of 72% perchloric acid (G. Frederick Smith Chemical Company) and then fumed to expel 
all hydrochloric acid. The product was cooled, and diluted to 1 litre with water, making a 
solution containing 0.1 mg of zirconium per ml. A second solution, 2 x 10-W in zirconium and 
2.8M in perchloric acid, was prepared in a similar manner using 0.064 g of zirconyl chloride and 
235 ml of 72% perchloric acid and diluting to 1 We. 

Hafnium perchlorate: 0.157 g of hafnium tetramandelate was heated to fumes with 5 ml of 
concentrated nitric acid and 5 ml of 72% perchloric acid. The residue was dissolved in 230 ml of 
72% perchloric acid, and diluted to 1 litre with distilled water. The resulting solution was 2 x 10-W 
in hafnium and 2.8M in per&lo& acid. 

Other perchlorates, used in interference studies, were obtained from the G. Frederick Smith 
Chemical Company, U.S.A. 

Procedures 

Calcium, strontium and barium: Standard solutions of the nitrates were prepared by taking a 
known amount and diluting to 25 ml with distilled water. The solutions were heated to approximately 
90”, and to each were added 40 ml of a 0.5% solution of ammonium bromanilate, dropwise, with 
stirring. (Ammonium bromanilate was used as precipitant because it is more soluble than the free 
acid.) 

The precipitates were allowed to settle for about 15 min, and were then transferred to sintered- 
glass filters, dried for about 2 hr at 1 lo”, and weighed. 

General: A saturated aqueous solution of the reagent was added to solutions of various cations 
and anions. 

RESULTS AND DISCUSSION 

Calcium, strontium and barium: The results of the precipitations are given in 
Table I. In calculating the theoretical weights of the precipitates it was assumed that 
I ion of alkaline earth metal combines with 1 bromanilate ion to give compounds 
such as CaC,O,Br,. 

No further gravimetric studies were made, because many other cations form 
precipitates with the reagent (see next section), thereby limiting its usefulness. 

General: In neutral or weakly acid solution precipitates were formed with the 
following: Agr, Hg,rr, HgII, Pb II, BiIrI, Curr, Cdrr, Sbrrr, St+, MnII, Znrr, Nirr, 
CoII, CaII SrII, Ban. 

In strongly acid solution no precipitates were formed, but the following gave 
coloured solutions: Ferr, Feul, Zrrv, HfIv, Tirv, Thrv, UO,rr. The complexes of 
TiIV, ThIV and UO,Ir were much lighter in colour than those formed with Fe, Zr 
and Hf. 

On the basis of these tests it was decided that it would be useful to investigate 
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TABLE I.-PRECIPITATIONOFBARIUM,STRONTIUM,AND CALCIUMBROMANILATE 

1075 

Wt. of calcium Wt. of strontium Wt. of barium 
Sample compound, g compound, g compound, g 

1 0.2091 0.1101 0.0793 
2 0.2099 0.1089 0.0781 
3 0.208 1 0.1086 0.0779 

Average 0.2090 0.1092 0.0784 
Calcd. wt. 0.2096 0.1094 0.0789 

further the use of the reagent for the calorimetric determination of zirconium and 
hafnium. 

Investigation of the zirconium-bromanilate complex 

Job’s methodll of continuous variations, and the subsequent study made by 
Vosburgh and Cooper,lg served to determine the nature of the complex formed by 
zirconium and bromanilic acid. A series of solutions was prepared in which the sum 

“‘31 I 

I I I I I.1 11 1 

0 0.2 0.4 0.6 0.6 I.0 

MOL FRACTION OF BROMANILIC ACID 

FIG. 1 .-Identification of the zirconium bromanilate complex. 

of the concentrations of the two reactants (zirconium perchlorate and bromanilic 
acid) was kept constant at 1-O x 1O4M but their ratio was changed. The concentra- 
tion of perchloric acid was kept constant at 23M. The difference in absorbance 
between the measured values and those values that would have been observed at the 
same wavelength in case of no reaction was calculated according to the method of 
Vosburgh and Cooper. Fig. 1 shows this absorbance as a function of the ratio of 
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the reactants at three selected wavelengths. Because a definite maximum was observed 
at x = 5 (xl10 = fraction of bromanilic acid), the formation of a 1: 1 complex 
between zirconium and bromanilic acid was indicated. The shoulders on the right 
of the curves (Fig. 1) indicate that one or more higher complexes may be present to 
some extent, but this does not alter the usefulness of the method. Fig. 2 gives the 

260 300 320 340 360 380 
WAVELENGTH, mp 

FIG. 2.-Absorption spectra : 
I-bromanilic acid; 2-zirconium bromanilate complex; 

3-hafnimn bromanilate complex. 

absorption spectra of 2 x 10-W bromanilic acid, and of solutions 1 x lO4M in 
zirconium or in hafnium and 243M in perchloric acid containing excess bromanilic acid. 

Solutions containing zirconium bromanilate complex at the concentrations used 
in the above experiments were stable, forming no precipitate even after several days. 
In solutions greater than 2 x 1O-2M in zirconium a light blue precipitate formed on 
standing. 

Hafmum perchlorate solution (2 x 10-W) behaved in the same manner as the 
zirconium perchlorate solution. The absorbance maximum for the hafnium brom- 
anilate complex occurred at the same wavelength as that for zirconium bromanilate 
complex. 

C5~f~r~~~~ to Beer’s law 

Bromanilic acid solution (15 ml of 2 x 1WM) was added to each of a number of 
lOO-ml volumetric flasks. Standard zirconium perchlorate solution was then added 
in definite amounts varying from 0.05 to 0.60 mg of zirconium. Enough perchloric 
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acid and distilled water were then added to make up 100 ml of solution which was 
1M in perchloric acid. Absorbance measurements were made at wavelengths 
of 335 and 340 my as shown in Fig. 3. The reference solution consisted of 2 x 1o”‘M 
bromanilic acid in 28M per&lo& acid. The wavelength of 335 rnp is recommended, 
because at this value the complex has its maximum absorbance and bromanilic acid 
has negligible absorbance, 

FIG. 3,Standard curves for zirconium and h&km: 
l-zirconium at 335 mp; 
2-zirconium at 340 mp; 
3-hafnium at 335 mp. 

The standard curves shown in Fig. 3 indicate conformity to Beer’s law in the 
con~n~tion range 04-0*35 mg of zirconium in 100 ml. This covers a slightly 
greater range then chloranilic acid.” 

The hafnium solutions also obeyed Beer’s law (Fig. 3). Therefore, it is not possible 
to differentiate between zirconium and hafnium with this reagent and the method 
gives the sum of these two elements. 

Bromanilic acid in water gives a purple colour which is quenched by addition of 
perchloric acid, hence the effect of varying the concentration of perchloric acid upon 
the absorbance of the complex was investigated. Consistent results were obtained 
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in solutions 2~5M-3~5M in perchloric acid. High results are obtained in solutions 
less than 2M in acid and low results in solutions greater than 3*5&f. 

Efect of time 

After mixing of the zirconium solution with the bromanilic acid reagent 15 min 
of standing were found to be sufficient to obtain accurate results. The absorbance 
did not change, even after 24 hr. 

TABLE II.-EFFECT OF DIVERSE IONS 

Diverse ion Added as 

Wt. of diverse ion 
expressed as oh of 
wt. of zirconium Error, % 

Fern Fe(ClO& 

ThIY Th(NCMa 

uo,” UWC&W, 

Ti”’ TiCl, 

Cr”I CrVO& 

Co” Co(C1032 

POIS- NaaHPOa 

caop 

F- 

NagGO 

NaF 

SO,%- Na,SO, 

10 
25 
50 

100 

10 
25 
50 

100 

10 
25 
50 

100 

2.0 
2.0 
3.3 
3.5 

10 2.0 
25 3.0 
50 4.0 

100 4.8 

100 
500 

100 
500 

10 
25 
50 

100 

0.0 
2.2 

0.0 
3.1 

2.0 
2.0 
2.1 
3-1 

10 2.0 
25 2.0 
50 10.0 

100 12.1 

10 2.0 
25 3.6 
50 8.0 

100 10.1 

10 2.0 
25 3.9 
50 13.2 

100 20.2 

20 
2.0 
2.0 
3.0 

2.0 
2.0 
3.0 
3.2 
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Efect of diverse ions 

To study the interference of diverse ions, absorbance measurements were made 
at 335 and 340 m,u on solutions containing 2 mg of zirconium per litre and varying 
concentrations of the diverse ion. Those ions that caused interference in the deter- 
mination of zirconium are listed in Table II. API, CarI and alkali metals showed no 
interference even when present in five-fold excess. Similarly, chloride, nitrate and 
acetate ions, added as sodium salts, showed no interference in this concentration. 

Recommended general procedure 

Bring the sample into solution by a suitable procedure. 
acid, and evaporate down to copious fumes. 

Add a measured excess of 72% perchloric 
Cool and dilute with water, then take an aliquot which 

does not contain more than 0.35 mg of zirconium. Transfer to a 100-ml volumetric flask, and add 
15 ml of 2 x lo-% bromanilic acid and sufficient 72% perchloric acid to make the final solution 
2.8M in perchloric acid upon dilution. Shake and set aside for 15 min. Measure the absorbance 
at 335 rnp in lQOO-cm quartz cells, and determine the amount of zirconium from a standard curve. 

Zusammenfasslmg-Bromanilslure,2,5-Dibromo-3,~dihydroxyc~on, 
f%llt Barium, Calcium und Strontium quantitativ aus schwach saurer 
Lijsung und bildet in iiberchlorsaurer Lijsung mit Zirkonylionen einen 
farbigen Komplex mit einem Absorptionsmaximum bei 335 rnp. 
Das &ersche &setz gilt zwischen 0,O ;nd 3,5 ppm Zirkonium. I%e 
besten Ergebnisse erzielt man in 2,8 m Uberchlorstiurelijsung. Der 
Effekt verschiedener Fremdionen wurde untersucht. Hafnium gibt 
dieselben Ergbnisse wie Zirkonium. Femer stiiren Eisen(III), Thorium 
(Iv7. UO.B+. Ti(IVh Phosuhat. Oxalat. Fluorid und Sulfat. Die 
burch verschiedeie Mengenhieskr Ionen.verursachten Fehler wurden 
ermittelt. Eine Arbeitsvorschrift zur Zirkonbestimmung wird ang- 
egeben. Bromanilslure ist empfindlicher bei der Zirkonbestimmung 
als Chloranils$ure und ist in etwas griideren Bereich anwendbar. 

R&urn&--L’acide bromanilique, ou 2,5-dibromo-3,6 dihydroxy- 
quinone, pr&pite quantitativement le baryum, le calcium et le 
strontium & partir de solutions faiblement acides, et forme un complexe 
color& avec les ions zirconyle en solution perchlorique. Le complexe 
presente un maximum d’absorption & 335 mp. La lio de Beer est 
respect& entre 0,O et 3,5 p.p.m. de zirconium. Les r&ultats optimaux 
sont obtenus dans solutions 2,8 M en acide perchlorique. L’influence 
de divers ions a btt BtudiQ. Le hafnium donne des r&hats identiques 
au zirconium. Les autres ions interfkrants sone Fe(III), Th(IV), 
UO,(II), Ti(IV), phosphate, oxalate, fluorure et sulfate. On a dbter- 
mink les erreurs caudes par des quantitCs variables de ces ions. On 
donne une technique de dosage du zirconium. Pour le dosage du 
zirconium, l’acide bromanilique est un r&a&f plus sensible que l’acide 
chloranilique, et il peut &re utilis8 dans un intervalle lkghrement plus 
grand. 
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Summary-_Changes in boiling point, following the ethanolysis of an 
ester, give information about the number of ester groups present per 
molecule, the saponiiication equivalent, and, in the case of a polymeric 
ester, the degree of polyme~sation. Methods of calculating the results 
are discussed and illustrative results are presented. The method is 
simple and rapid to apply. It yields results of only moderate accuracy, 
which, are however, sufficient for many purposes. 

THEORY 

WHEN an ester is dissolved in a large excess of boiling ethanol in the presence of a 
basic catalyst (e.g., sodium ethoxide), ethanolysis proceeds to completion.14 The 
examples to be considered are: 

(i) A(OCO*R), + n EtOH - A(OH)J + n RCOsOEt; 

(ii) R(CO*OA), + n EtOH - R(CO*OEt), + IZ A(OH); 

(iii) HO(AO.~RCO.O)~A*OH + 2n EtOH 
- (n + 1) A(OII), + n R(CO*OEt),. 

All the solutions are considered to be sufficiently dilute to allow the change in the 
concentration of uncombined ethanol to be neglected. 

Equations (i) and (ii) represent the etbanolysis of esters formed by the combination 
of a monobasic acid with an n-functional alcohol, and a polybasic acid with a mono- 
hydric alcohol, respectively. Equation (iii) is the reaction between ethanol and a 
polymer formed from a dihydric alcohol and a dibasic acid. Disregarding the ethanol 
molecules, the changes particularly attendant upon these reactions are: in cases 
(i) and (ii) from 1 to n + 1, and in the third example from 1 to 2n + 1. 

When these reactions are allowed to take place in an ebulliometer, the boiling 
point elevations before and after the reactions will be in the above ratios (the ethanol 
content may be regarded as sensibly constant). It is assumed that the original ester, 
the liberated alcohol and the ethyl esters are all non-volatile relative to ethanol. Thus, 
in principle, a method is provided for counting the number of ester groups per mole- 
cule. Because solutions of esters with molecular weights higher than cc. 700 are 
frequently non-ideal, and the elevations observed are subject to an apparent systematic 
zero error, the detailed calculations in individual cases are not always straightforward. 
These calculations are dealt with in the following sections. 

RESULTS AND DISCUSSION 

The symbols employed have the following meanings: 
w = weight of original ester added to ebulliometer; 

T, = initial boiling point elevation; 
I; = elevation after e~anolysis; 
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K = ebulliometric constant for the appropriate volume of ethanol or other solvent; 
MT, = molecular weight calculated from initial elevation; 

iV, = molecular weight calculated from the slope of the linear part of the graph 
of elevation vs. w (in ethanol or other solvents); 

A4, = molecular weight calculated by assuming that the number of ester groups 
per molecule is known; 

n = number of ester groups per molecule; 
S, = saponification equivalent of ester found ebulliometrically; 
S, = saponification equivalent found by hydrolysis with KOH followed by back 

titration of the excess alkali. 
Three sets of results are presented. The first two illustrate the general applica- 

bility of the method and the accuracy attainable. A number of glycerides and 
edible fats were investigated because methods for their characterisation are well- 
known and are available for comparison. Moreover, these mixtures are peculiarly 
subject to the errors inherent in ebulliometry. The results provide an opportunity 
for discussing the critical treatment of data of this kind. The third set of results 
illustrates the application of the method to a polymeric material, a field in which it 
may prove to have most usefulness. 

Table I illustrates the dependence of w/T0 on concentration, and &he correction 
achieved by employing KwIM, in place of T,,. The variation of w/To for the higher 
triglycerides arises from a number of factors, the two most important being asso- 
ciation (which does not occur in acetone), and an error arising from their surface 
activity, which will be the subject of a separate publication. The fact that w/T, is 

TABLE I.-ETHANOLYSIS OF ESTERS 

Concentration, 
mglml (T,/T0) - 1 n MIP,, M,, M. se s,, 

5.29 
52.41 

20.83 
36.74 
32.60 

23.16 
27.84 
38.32 
51.20 
23.25 

21.83 
30.70 

18.69 
31.22 

1.48 2.99 
2.81 3.05 

1.81 3.13 
2.35 3.07 
_b 3.04 

Castor oil 

584 956 955’ 
898 942 

Tristearin 

558 816 8400 
685 823 
- 831 

2.68 
2.42 
260 
3.08 
9 

3.02 
2.89 

1.73 
1.79 

Tripalmitin 

3.02 757 821 825,= 
3.06 700 814 
3.03 735 816 
3.04 825 818 
3.11 - 805 

Glyceryl tribenzoate 

2.95 405 403 401 
3.02 388 400 

Diethyleneglycol distearate 

2.07 527 596 616 
2.06 557 598 

320 307 
312.5 

269 276 
274 
276 

273 269 
270 
272 
271 
265 

136 135.4 
133 

300 310 
301 

(1 Determined in acetone. b Ester added to sodium ethoxide solution. 



Determination of ester groups 1083 

iIldependent of con~ntration indicates that the low molecular weight ethyl esters and 
the glycerol are producing almost ideal boiling point elevations. This is also shown 
by the relative constancy of M, and its agreement with iWe. In Table I the following 
relationships have been employed : 

n = (T,M,/Kw) - 1; 

Al, = (n + 1)&/T, (assuming n to be known, e.g., 3 for the triglycerides); 

S, = Kw/(T, - Kw/M,). 

Table II contains a similar set of figures obtained for a series of edible fats. The 
somewhat low figures for n probably result from the presence of unsaponifiable 

TABLE II.--ETHANOLYS~S OF EDIBLE FATS 

Cocoa Butter 
Coberine 
Illipe Butter 
Cowa Shell Butter 
Hardened Palm 

Kernel Oil 
Extracoa 

845 
8.54 
845 
864 

614 
680 

?I 

290 292 
2.97 287 
2.80 302 
2.92 296 

2.94 229 
2.87 237 

s* Acidity, Y0 

290 1.1 
290 0.13 
292 2.8 
294 0.1.5 

231 
227 

material, including any free fatty acid; 1% of free acid would result in 0.1 units 
change in n. The acid and any other unsaponifiable material will increase To without 
having a proportional effect on Tf. Because the free acids have a molecular weight 
about one third that of the glyceride, 1 o/o by weight is equivalent to 3 moles O/& or a 
3% increase in T, relative to T’, hence a @l-unit change in n. Figures for the free 

acidity are given in Column 5. The standard deviation, &w, between S, and 
S, for all the results in Tables I and II is &2*0%, and in each case n provides an 
unambiguous count of the number of ester groups per molecule. 

In Table III are collected a number of results obtained for samples of poly- 
diethylene adipate. The formula for these polymers was given as: 

HO*(CH,),O*(CH~,[OCO~(CH&,CO (CHJ,O(CH,),],OH 

so that M = 216n + 106, and could be calculated if n (the degree of polymerisation) 
were known. The number of moles of product formed per mole of polymer is 2n + 1, 
hence : 

Tf/To=2n-+ 1 and (T~-T~)~2T~=n 

Thus, it is possible to find n and M without weighing the sample. For this series of 
polymers the systematic error in boiling point referred to in the theoretical section 
amounted to OW8” (calculated from resistance changes, which are the actual measure- 
ments made), which must be deducted from the observed values of T,; when these 
are thus corrected they give the figures for n in Column 1. Column 2 lists M,, the 
molecular weight calculated from the degree of polymerisation, 

T, is related to the molecular weight and n by the equation: 

Tf = (2n + l)Kw/M. 

Therefore Kw/T, = Mj(2n + 1) = (216n + 106)~(~ + 1). This quantity varies 
between 1076 for n = 2 and 108 for n = 10; the error involved in assuming that 
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it is constant at 108 is less than the experimental error of the method, hence: 

K’ = 2-,(108)/w. 

This quantity is found in practice to be almost constant. K’ measured in this way is 
higher than K obtained by employing low molecular weight compounds as standards. 
The polymer molecular weights agree, however, with those found from n; these are 
listed as M, in Column 3. In Column 4 are the molecular weights found by chemical 
assay of the terminal hydroxyl groups. 

TABLE III.-ETHANOLYSIS OF 
POLYDIETHnENE ADmATE 

4.25 1026 1050 1005 
6.35 1542 1470 1385 
8.0 1830 1820 1875 
8.45 1930 1950 2310 
9.15 2086 2100 2750 

The method is only of moderate accuracy (r = &2%) when compared with 
conventional techniques. Its principal utility arises from the circumstance that it is 
both rapid and simple to apply. Thus, in laboratories which are not regularly engaged 
in the analysis of fats and waxes it permits a quick, if admittedly rough, character- 
isation, and often the information thus obtained would be sufficiently accurate for 
many purposes. It may also be employed for the counting or detection of ester 
groups in substances of unknown structure. Finally, its use in the polyester field may 
provide alternative and additional information to that available from end-group 
assay, a method which itself is liable to some uncertainty. 

EXPERIMENTAL 

The ebulliometer was a commercially available instrument based upon that described by the 
author.” Two ebulliometers were placed in opposite arms of a Wheatstone bridge to compensate for 
barometric changes. 

The essential precaution for obtaining consistent results is the exclusion of moisture. The ethanol 
used was dried by means of magnesium ethylate, and stored over Hi-Drite, a form of anhydrous 
calcium sulphate.* The sodium ethoxide was prepared by dissolving 0.5 g of metallic sodium in 
20 ml of the dry ethanol. Ten ml of ethanol were used in the ebulliometer, and 1 g of Hi-Drite was 
added to the solvent; this removed traces of moisture added with the sample and ensured that any 
water present remained at a low and constant concentration. 

Up to five additions of approximately 0.1 g of ester were made and the elevations recorded. If a 
linear plot of TO versus concentration was obtained, the slope was used to calculate M,. When 
curvature persisted, M, was found in another solvent. 

The ethoxide was introduced by collecting a drop on a platinum spiral attached to a glass rod, 
and immersing the spiral in the boiling solution. Usually 3 drops were added, and this was sufficient 
to bring the reaction to completion within 20 min. When the reading on the galvanometer had re- 
mained constant for 5 min it was assumed that the reaction was complete, and T was recorded. 
A further 3 drops of ethoxide solution were then added, and the small elevation deducted from that 
previously recorded. (This correction never amounted to more than 2% of the total elevation.) 

Acknowledgement-The results quoted in Table II are based on results obtained by G. M. Pierce, 
Dip.Tech., as part of a project carried out in this department. The fats were kindly supplied by 
Messrs. J. S. Fry and Sons Ltd., Sommerdale, Bristol, England. 

* Hi-Drite, Ltd., 17 New Bond Street, London W.C., England. 



Determination of ester groups 

Zusammenfassung-Die binderung des Siedepunkts nach iithanolyse 
eines Esters liefert Informationen fiber die Anzahl von Estergruppen 
in einem Molektil, das Verseifimgslquivalent und im Fall eines 
polymeren Esters tiber den Polymerisationsgrad. Methoden zur 
Berechnung der Ergebnisse werden diskutiert und zur Illustration 
einige Ergebnisse angegeben. 

R&sun&--Les variations de point d’ebullition qui resultent de 
l’ethanolyse d’un ester donnent des renseignements sur le nombre de 
groupes ester presents dans la molecule, sur l’equivalent de saponitica- 
tion et, dans le cas d’un ester polymere, sur le degre de polymerisation. 
On discute des m&odes de calcul des r6sultats et on p&ente des 
r&hats a titre demonstratif. 
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SHORT COMMUNICATION 

Lead tetra-acetate in anhydrous acetic acid as an oxidising agent 

(Received 11 February 1964. Accepted 21 April 1964) 

EARLIER investigations1 of oxidation-reduction titrations in acetic acid medium have been extended 
to an examination of reactions of lead tetra-acetate, which are described in the present communica- 
tion. Ieadrv was Srst employed in the inorganic field by Tomi&sk et al.,* and quite recently8 a 
kinetic study of the oxidation of Co rr, Cerrr and Mnrr acetates has been carried out. 

EXPERIMENTAL 
Reagents 

Stock solution of Pbtv: An 005M Iead tetra-acetate solution was prepared by dissolving in 
glacial acetic acid tbe salt obtained by the method of Bailar. 4 The concentration was determined 
iodometrically in aqueous solution. 

Reducing agents: Solutions in acetic acid of Na,SO,, Fe(ClO&, As& SbC&, Hg,(ClO&, 
NH,SCN, all about 005M, were prepared from chemically pure salts. The solvent used was ana- 
lytical-reagent acetic acid without further purification. Its content of water is less than 0.3 %. 

Apparatus 

Potentiometric titrations were performed using a Metrohm model E 353 apparatus, fitted with 
an aqueous caiomei ceil as reference electrode. This electrode was connected to the titration cell 
through an aqueous K&SO4 saturated agar bridge, one arm of which terminated in an asbestos 
plug, and was constantly maintained immersed in glacial acetic acid. 

The amperometric apparatus was that described previously.’ 

RESULTS 

The results of titrations are tabulated in Table I. 
Sodium sulphite is easily oxidised in the cold by lead tetra-acetate in the presence of l&Z sodium 

acetate, and quantitative results which differ from the theoretical value by less than 1% are obtained. 
The molar ratio between oxidant and reductant is 1: 1. The course of the titration can be followed 
potentiometrically or amperometrically. In the latter case the curve obtained is characteristic of the 
titration of an irreversible system with a reversible one. In the absence of sodium acetate the rate of 
the reaction is extremely low. The reaction does not occur in the presence of perchloric acid. 

1~&r perchlorate is easily oxidised by lead tetra-acetate if either sodium acetate or perchloric acid 
is present; the equivalence point corresponds to the molar ratio Pbrv’: FerI = 1:2. By the ampero- 
metric method, at a potential difference (AE) of O-3 v, the curve obtained shows that the titration 
involves a reaction between two reversible systems. 
method is in agreement with the theoretical value. 

The equivalence point determlned by either 

In the presence of sodium acetate, although precautions are taken to avoid the oxidant 
action of oxygen dissolved in the solvent, the error is relatively high (3%); potentiometrically, a 
lowering of the oxidation-reduction potential of the system Ferrr/Fert is observed. 

The oxidation of arsenic trichloride is carried out in anhydrous acetic acid in the presence of 
perchloric acid. During the titration a turbid solution forms because of the precipitation of leadrr 
chloride. When the molar ratio oxidant: reductant is 1: 1, the equivalence point of the titration is 
reached, according to the equation: 

Pb” -+ AsCl, -+ PbCl, + Asv + Cl-. 

Further addition of Pbrv causes the precipitate of PbClz to dissolve. With Pbrv:AsCls = 5:2 the 
solution becomes transparent, and the potentiometric curve shows a second jump. The dissolution 
of PbCl, during the second part of the titration is the result of oxidation by lead tetra-acetate of 
Cl- to Cl* according to the reaction: 

8 

PbCIB + Pb” + 2 Pbrr -l- Cls. 
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TABLE I.-LEAD TETRA-ACETATE IN THE TITRIMETRIC DETERMINATION OF 

SOME REDUCING AGENTS 

Error 
CH&OONa, HCIOI, Taken, Found, 

Reducing agent M M mg mg mg % 

SO?- 
: 
1 
1 

Feat 0.1 1044 10.19 0.25 -2.4 
0.1 8.71 8.48 0.23 -26 
0.1 436 424 0.12 -2.7 

0.7 6.59 6.63 0.04 +0.6 
0.7 13.18 13.40 0.22 +1.6 
0.9 19.77 19.88 0.11 t-o.5 

As”+ 

1 
1 
1 

SCN- 1 18.56 18.27 0.29 -1.5 
1 37.11 36.51 0.40 +1.1 
1 55.67 54.82 .0.15 +0.3 

8.56 8.56 
8.81 8.80 

17.61 1745 
13.20 13.20 

4.42 
3.53 
6.18 
220 
4.42 
5.32 

4.35 
3.45 
6.10 
2.20 
444 
5.33 

- - 
0.01 -0.1 
0.16 -0.9 
- - 

0.07 
0.08 
0.08 

0;2 
0.01 

-1.6 
-2.2 
-1.3 
- 

+0.4 
+0.2 

At the second equivalence point the presence of elementary chlorine in the solution has been proved 
by bubbling nitrogen into two containers in series, the first containing the solution under examination 
and the second a dilute solution of fluorescein and potassium bromide. The formation of red eosin 
in the latter demonstrates the presence of the molecular halogen in the former. The reaction proceeds 
more slowly in a warm solution of 1M sodium acetate, but the first equivalence point (the only one 
visible under such conditions) can still be easily determined. 

In the amperometric titration, the corresponding curve is characteristic of an irreversible system 
titrated with a reversible one. During the titration the solution remains transparent on account of 
the solubility of PbCla in the acetic acid added with the IM sodium acetate. 

Ammonium thiocyanate can be oxidised by Pb N in warm, anhydrous acetic acid solution; the 
reaction is extremely slow but quantitative results are obtained if 1M sodium acetate is present. At 
the equivalence point the molar ratio oxidant:reductant is 3 : 1. The reaction between Pbrv and 
SCN- leads to the formation of CN- and SO**- ions. The sulphate ion, reacting with Pbrr from 
reduction of the Pbrv, forms an easily appreciable precipitate of PbS04. 

The amperometric titration gives a curve characteristic of a titration between an irreversible and 
a reversible system. 

In the presence of perchloric acid the reaction is very slow, and quantitative results cannot be 
obtained. 

Mercurous perchlorate cannot be oxidised, and antimony trichloride is oxidised incompletely in 
nerchloric acid solution. 
I 

Institute of Analytical Chemistry 
GIOVANNI PICCARDI 

Universitj of F&ence 
Italy 

Summary-A systematic study of the oxidation-reduction titration 
by lead tetra-acetate of various inorganic ions in anhydrous acetic 
acid medium is described. Na,SO,, Fe(ClO,),, AsCl,, SbCl*, NH$CN 
and HgCIO*, all in the presence either of HClO, or of CH,COONa, 
have been investigated. The reactions were followed by potentiometric 
and amperometric techniques. 
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~~-~ wird eine s~~~ti~he Unt~u~~g der 
Redox Reaktion zwischen Blei tetraacetat und Na,SO,, Fe(ClO& 
AsCIs, SbCl,, NH$CN und HgCIOc beschrieben. Der Veriauf der 
jeweiligen Reaktion, mit HCIOp oder CHsCOONa, wurde potentio- 
metrisch und amperometrisch veffolgt. 

Resunte-Une 6tude systematique a et6 effect&e sur les titrations 
redox du a&ate plombique en milieu a&ique anhydre, aver divers 
composes mineraux. Los r&ducteurs NalSOs Fe(ClO,),, AsCI,, 
SbCls, NH,SCN et HgClO, tous en presence ou de HCIOl ou CHs 
COONa, ont ete et&&. La reduction du Pa&ate plombique a cste 
suivie potentiometriquement et amperometriquement. 
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LETTERS TO THE EDITOR 

Nucleation and precipitation of silver chloride solutions 

Klein, Gordon and Wahmt,l studying the castration of supersaturated solutions of silver 
chloride, suggested that de-ion&d water from the ion~x~h~ge column they used for puritieation 
in some of their experiments contained an impurity which ~hibited nucleation, but which was 
removed, by adso$ion, when their solutions were passed through a membrane titer. Nancollas 
and Purdiea have recently compared the results of Klein, Gordon and Walnut with those of Davies 
and Jones,* who used distilled water for their experiments, and they mention the diRerent methods 
of water purification employed as a possible source of the difference between the critical super- 
saturation ratios quoted by these authors. We believe, however, that this difference is caused by the 
other different experimental techniques employed, because even when using distilled water, without 
filtration, Klein, Gordon and Walnut still find a significantly higher value for the critical super- 
saturation ratio. We also believe that the effects that Klein, Gordon and Walnut observed in their 
own experiments are more simply explained on the basis of the known absence from de-ion&d water 
of the nucleating particles present in ordinary distilled water than on the basis of hypothetical im- 
purity in the de-ionised water. Evidence of the difference between these two kinds of water can 
easily be obtained by passing a light through the two liquids in a darkened room, when no mattered 
light is visible to the eye from particles in water from a good quality mixed-bed ion-exchange cohunn4 
We have used this property for preparing particle-free solutions for work with solutions of radio- 
isotopes of very high speciiic activity which adsorb on to particulate matter in solution6 

Klein, Gordon and Walnut’ showed that nucleation of silver chloride was easier (i.e., took place at 
lower supersaturation) with the use of laboratory distilled water than with de-ion&d or redistilled 
water which had been filtered through a membrane filter, and easier with such filtered water than 
with de-ionised water, unfiltered. The difference between unfiltered distilled and unfiltered de-ionised 
water is explained simply, in our view, by the particle-free nature of the de-ionised water; we suggest 
that the effect of the membrane filter may have been to bring both kinds of water to the same standard 
of cleanliness, by removing the particulate matter originally in the distilled water, but also contributing 
some particles in both cases from adventitious dirt and possibly slight disintegration of the filter 
material. Thus, the critical supersaturation ratio is virtually the same for either kind of atered 
water (l-71-1.74), being higher than the value for distilled water (1.44) and lower than that for de- 
ionised water (2.04). We have found that it is easy to contaminate water and solutions with particles 
by the use of a filtration procedure intended to clean them, and such processes should always be 
monitored by visual observation of scattered light to check that no particles are being introduced 
from the receiving vessels or the filter material. 

The theory that an increased critical su~saturation ratio is an indication of higher purity, 
rather than of the presence of an ‘~~~-nucleat~g” . impurity, is consistent with other results in this 
field, such as those of Collins and Leinwebers (quoted by Nancollas and Purdie? on the critical 
supersaturation ratio of barium sulphate. 

Klein, Gordon and Walnut’ showed in support of their theory that the presence of wsin did 
inhibit silver chloride precipitation in their experiments, but this is not very convincing evidence, 
in that (a) there is no supporting information on the impurity content of their de-ionised water, 
(b) the theory does not explain the difference they observed between unfiltered and filtered distilled 
water, and (c) we have found that eosin adsorbs strongly on a mixed-bed ion-exchange column, 

Although it is not easy to disprove the theory that an organic impurity from the resin column 
caused the effects observed, it is suggested that the known facts about the filtration properties of 
ion-exchange columns are sufficient to explain all the phenomena observed. 

Watztage Research Laboratory (A E. RX.) 
Wantage, Berks., England 

15 Muy 1964 
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An international language? 

WOULD it not be a good idea, and in keeping with the international nature of T’anta, to accept 
and encourage articles written in some international language such as Esperanto or Interlingua? 

I confess that I know nothing at all about Esperanto and very little about Interlingua. However, 
I have seen articles written in the latter language which I have been able to read, without a dictionary, 
with very little dithculty. I believe that dictionaries of Interlingua are available. If this is correct, 
I, for one, would be very happy to spend an extra hour or two when I submit my next contribution 
translating it into Interlingua. 

The arguments in favour of Interlingua instead of English as a universal language of science are 
chiefly two, in my opinion. The learning of English requires considerable effort in regard to spelling, 
whereas Interlingua has no irregularities either in spelling or grammar. Secondly, national pride will 
always cause some people to prefer their native language over English or any other living language. In 
contrast to this, I should hope that any scientist would take pride in presenting his work in a universal 
language. 

It may be argued that Interlingua, which is very similar to Spanish, is helpful only to persons who 
know one of the languages derived from ancient Latin. This is not true. A Russian or a Japanese 
could learn Interlingua more easily than English, French or German because of the aforementioned 
irregularities in the latter languages. 

Rutgers, The State University 
School of Chemistry 
Rabh G. Wriglrt Laboratory 
New Brunswick, New Jersey, U.S.A. 
4 May 1964. 
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COPRECIPITATION STUDIES OF SOME TERVALENT 
METAL IONS WITH ALUMINIUM TRIS- 

(8-HYDROXYQUINOLATE) 

S. J. LYLE and D. L. SOUTHERN* 
Londonderry Laboratory for Radiochemistry, University of Durham 

South Road, Durham City, England 

(Received 25 March 1964. Accepted 27 May 1964) 

Summary-The coprecipitation of tracer quantities of radioactive 
scandium, yttrium, cerium and indium with milligramquantities of 
aluminium has been studied. The aluminium was precipitated as the 
tris-(8-hydroxyquinolate) by slow isothermal evaporation of aqueous 
acetone solutions. In the presence of ammonium acetate less than 05 % 
of the scandium, yttrium or cerium coprecipitates. The fraction of 
tracer entrained is approximately independent of the fraction of the 
aluminium precipitated. Surface adsorption of tracer on the glass 
container or on the precipitate does not occur even when all of the 
acetone had been removed. Milligram-quantities of yttrium and 
cerium give gelatinous precipitates from similar systems containing 
acetone (aluminium absent); the dried yttrium precipitate has the com- 
position Y(CpHBNO)o*OCOCH,. Even milligram-quantities of yttrium, 
when present, tend to be rejected by the aluminium precipitate. In the 
absence of acetate but under conditions where milligram-amounts of 
yttrium would precipitate, for 1040% precipitation of the aluminium, 
yttrium coprecipitation ranges from 1 to 6%. Removal of all of the 
acetone results in considerable surface adsorption of the tracer. From 
acetate solutions fractional precipitation of indium as tracer in the 
range 10 to 90 % is only slightly different (lower) than the corresponding 
fractional precipitation of the aluminium. D and A, the coefficients 
calculated assuming a homogeneous and a logarithmic distribution, 
respectively, within the crystals, are approximately equal and constant. 
Milligram-amounts of indium give a granular precipitate by the slow 
evaporation procedure from acetate solutions. 

RECENTLY a method has been described for the precipitation of aluminiuml and 
other metal ions2 as 8-hydroxyquinolates by slow isothermal evaporation of solvent 
from a buffered aqueous acetone system containing all of the reactants. The method 
is claimed to give aluminium tris-(8-hydroxyquinolate) comparable in particle size 
and in purity to that obtained by controlled hydrolysis of 8-acetoxyquinoline3 in 
solutions containing aluminium. Slow isothermal evaporation of solvent followed 
immediately by filtration usually results, as do homogeneous methods of precipita- 
tion,4 in coprecipitated impurity following a logarithmic (Doerner-Hoskin’s) distri- 
bution in the precipitate if isomorphous replacement of the major by minor constituent 
is possible or if anomalous mixed crystal formation occurs.5 

The acetone, in the method referred to above, presumably only serves to solvate 
the 8-hydroxyquinolates of aluminium or other metal ions which would normally 
precipitate from solution in its absence. It seemed of interest, therefore, to examine 

* Present address: Radley Research Institute, Reading, Berkshire, England. 
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the coprecipitation of tracer quantities of other tervalent metal ions with aluminium 
precipitated by this method. Accordingly, scandium, yttrium, cerium and indium 
were chosen. for this study and their distributions between the solution and the 
precipitate were followed by using radioactive isotopes in conjunction with suitable 
counting equipment. Distributions of tracer in each system were determined for 
various fractions of aluminium precipitated, and the coefficients, D and 1, appropriate 
to a homogeneous and logarithmic distribution, respectively, were calculated from 
the relations 

and 

(2) 

Under the conditions employed, partial or complete precipitation of macro amounts 
of these elements (as Shydroxyquinolates) might be expected to occur (Table II). 

Reagents 

EXPERIMENTAL 

Unless otherwise stated, reagents were of analytical reagent grade. 
8-Hydroxyquinoline. A fresh 4 % solution was prepared in acetone every 2 days. 
Acetone. Some experiments were carried out using reagent grade acetone but most were per- 

formed with technical solvent acetone (redistilled) without any apparent effect on the results. 
2M Ammonium acetate. 154 g of ammonium acetate were dissolved in 1 1. of water. 
Aluminium solution. Potassium aluminium sulphate was dissolved in water to give a solution 

containing about 1 mg of aluminium/ml. It was standardised using 8-hydroxyquinoline.s 
Radioactive isotopes. These were obtained from the Radiochemical Centre, Amersham, England. 

Yttrium-91 and cerium-144/praseodymium-144 were “carrier free” in dilute hydrochloric acid but 
scandium-46 and indium-114m (obtained as chlorides) contained inactive isotopes of these elements. 
Each stock solution was diluted with O.lM hydrochloric acid to reduce the radioactivity to a level 
suitable for use in the procedure outlined below. 

Yttrium-91, oerium-144/praseodymium-144 and indium-114m were counted as liquid samples in 
a Geiger-Mtiller counter of the annular type (20th Century Electronics type M6H). Scandium-46, 
also in a liquid form, was determined using a y-scintillation counter consisting of a sodium iodide 
(thallium activated) crystal (15 in. diam. x 1 in. deep) in conjunction with a photomultiplier tube, 
a single charmel pulse-height analyser and the usual scaling equipment. The photopeaks corresponding 
to the 0+39- and 1.12-MeV y-rays were used together, for counting purposes. 

General procedure 
Ten ml of aluminium solution and 2 ml of tracer solution were pipetted into a 250~ml Pyrex-glass 

beaker. Forty ml of ammonium acetate, 60 ml of acetone and 5 ml of %hydroxyquinoline solution 
were added in that order. The initial radioactivity was measured by counting 10 ml of such mixtures 
in the Geiger-Mtlller counter when yttrium, cerium or indium were used as tracers. A 5-ml sample 
was taken for counting scandium solutions with the scintillation counter. 

The beakers were immersed in a thermostat at 50 f 0.5” and the contents stirred continuously. 
At various stages of the precipitation a beaker was removed and the precipitated aluminium tris-(8- 
hydroxyquinolate) collected in a weighed sintered glass crucible (porosity No. 4), washed well with 
cold water, dried at 130’ and weighed. A weighed portion (about 70-90%) of the precipitate was 
transferred to a beaker and dissolved in 4 ml of 4M hydrochloric acid and 15 ml of acetone. Ten 
ml of 2M ammonium acetate were then added and either 5 ml (for scandium) or 10 ml of the mixture 
counted. 

The usual corrections for paralysis time of the counting equipment and background counting rates 
were made and the percentage of tracer, W, coprecipitated with the aluminium was calculated from 
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the relation 
X 

J? x 100 
w=y, x 117 

where x is the final and y the initial counting rate (corrected as described) and z is the fraction of the 
precipitate taken for the final count. 

Because the solution composition is kept almost the same for the initial and final counts, self- 
absorption corrections are avoided. Corrections for departures from volume additivity were also 
made unnecessary by following the procedure described. In experiments with scandium and indium 
as tracers and when inactive yttrium was added in milligram-amounts, a correction was made for the 
presence of the “tracer” in order to compute the fraction of the aluminium precipitated from the 
weight of the precipitate. This correction was always small (less than 2% of the total precipitate 
weight) in experiments with scandium and indium. 

RESULTS AND DISCUSSION 

The results presented in Table I show that the coprecipitation of scandium, 
yttrium and cerium (all at very low concentrations) with aluminium is very approxi- 
mately constant, independent of the fraction of aluminium precipitated, and inde- 
pendent of the tracer element. D and 1 values are not recorded because, as would be 

TABLE I.-COPRECIPITATION OF TRACER AMOUNTS OF SCANDIUM(III), 

YTTRIUM(III) AND CERIUM(III) WITH ALUMINIUM 

TRIS-8-HYDROXYQUINOLATE 

Al SC& Al Yb Al Ceb 

pptd., % copptd., % ppfd., % copptd., % ppfd., % copptd., % 

9.25 0.438 13.2 0.398 14.7 0.351 
18.3 0.414 20.6 0.348 21.6 0.306 
31.6 0.461 25.2 0402 33.4 0.298 
39.4 0.367 33.8 0.427 44.0 0.409 
51.3 0.423 41.3 0.247 54.8 0.290 
55.8 0404 49.5 0446 61.4 0.367 
68.1 0.317 60.8 0.478 70.2 0.339 
80.0 0.509 89.3 0.515 74.4 0.293 
85.4 0.477 90.7 0.43 1 82.9 0.455 
96.1 0.573 95.5 0.417 88.6 0.401 
98.7 0.747 99.7 0.496 91.7 0.571 
- 100.0 1.04 94.3 0.507 

B 1.2 x lo-’ moles (00354 mg) of scandium present in the system during 
each precipitation. 

b s1Y and lrrCe were ‘carrier free’. 

expected from the results, they both vary considerably. Table II shows pH values for 
the onset and completion of precipitation of macro amounts of the tracer elements 
used here. 

TABLE II.-pH OF PRECIPITATION OF METAL IONS 

WITH 8-HYRDOXYQUINOLINE 

Metal 
complex 

pH for precipitation Acetic acid- 
Initial Complete acetate conc.8 Ref. 

SC(C,H,NO)~C~H,NO 3.90” 6.3 0.54 7 
Y(C,H,NO), 3.84 4.78 0.07 8 
WC,H,NO), 444 5.55 0.08 9 
In(G,H,NO), 2.7 - 0.08 This work 

8 Molar and approximate; calculated from data in the papers quoted. 
b The pH at which the precipitate just dissolves. 
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Experiment showed that evaporation of the acetone from an aqueous acetone 
solution of the composition described in the general procedure above gave, on 
removing the precipitated metal 8-hydroxyquinolate, a filtrate having a pH about 
6.3. At this pH, therefore, scandium, yttrium and cerium(II1) would be expected to 
precipitate if present in milligram-amounts and to coprecipitate readily with alumi- 
nium. However, acetate present in high concentration in the coprecipitation 

TABLE III.-THE COPRECIPITATION OF YTTRIUM-91 WITH 
AL- BY ISOTHEBMAL EVAPOBATION OF SOLUTIONSa 

-_ 
Al Y (Y/Al)cryst. 

pptd., % mpptd., % x 108 D x 10e I x 102 

12.8 0.91 7.1 6.3 6.53 
15.0 1.26 840 7.23 7.97 
19.8 1.43 7.22 5.87 6.30 
34.1 2.48 7.27 4.91 6.19 
48.2 3.56 7.39 3.97 5.53 
53.2 4.14 7.78 3.80 5.55 
81.0 4.59 5.67 1.13 2.83 
94.5 6.18 6.54 0.38 2.2 

100 36.9 36.9 - 
100 44.1 44.1 - - 

B Solutions prepared from 10 ml of aluminium + 25 ml of 
water + 15 ml of O.lOOM NaOH + 5 ml of 8-hydroxyquinoline 
+ 2 ml of OIY solution + 60 ml of acetone. 

experiments described may prevent or partly prevent the formation of the expected 
8-hydroxyquinolates of the tracer elements although not interfering with the formation 
of the aluminium complex. (It may be noted that the acetate-acetic acid concentra- 
tion used in much of the experimental work described here is somewhat higher than 
that normally employed in the direct precipitation of aluminium or by Howick and 
Jones112 in their experiments.) Accordingly, with yttrium as tracer, additional 
experiments were performed in which ammonium acetate was replaced by 15 ml 
of O*lOOM sodium hydroxide and 25 ml of water in the procedure already outlined. 
Evaporation of the acetone from a solution thus prepared gave, on separating the 
precipated metal complexes, a filtrate having a pH of about 9.5. Table III gives the 
results of these experiments. It will be observed that whilst the percentage copreci- 
pitation is higher than in the presence of acetate, it is still quite low, amounting to 
only about 1% for 10 % of the aluminium precipitated and only 6 % for over 90 % 
precipitation of the carrier. The results suggest, therefore, that acetate alone is not 
responsible for the low coprecipitation observed. Table III (column 3) shows that 
for up to at least 95% precipitation of the aluminium the ratio of the fractions of 
yttrium to aluminium in the precipitate is very approximately constant. A similar 
result was obtained previously by Gordon, Peterson and Burttll in a study of the 
coprecipitation of thallium(I) with silver chloride precipitated from homogeneous 
solution. Their results and those in Table III would suggest a homogeneous distri- 
bution of tracer within the carrier lattice; in neither series of experiments were either 
of the distribution laws [equations (1) and (2)] obeyed. 

For complete precipitation of aluminium (Table III), the ratio of the fractions of 
yttrium to aluminium in the precipitate increases very considerably, suggesting that 
yttrium is deposited on the surface of the aluminium precipitate on complete removal 
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of acetone. As might be expected, this deposition was not confined to the precipitate 
surface; appreciable and approximately constant losses occurred to the walls of the 
beaker as the results of experiments recorded in Table IV show. (There is an estimated 
uncertainty of about 5 % in the values given in column 4.) 

Losses from solutions containing acetate were negligible. It was demonstrated in 
preliminary experiments that adsorption of tracer from aqueous acetone solutions 
prepared according to the directions given in the experimental part (or with acetate 

TABLE IV.-THE RECOVERY OF YTTRIUM PROM SYSTEMS 
CONTAINING ALUMINIUM TRIS-(8-HYDROXYQUINOLATE) 

% Total @lY % Total @lY Duration of 
No. Filtrate Ppt. accounted for evaporation, hu 

1 45 33 18 2.0 
2 60 20 80 2.5 
3 53 21 14 3.25 
4 49 24 73 6.17 
5 96 0.5 97 1.5 
6 97 0.5 98 2.0 
7 96 0.7 97 2.5 

1, 2, 3, and 4 were performed according to the general pro- 
cedure but with 15 ml of O.lOOM NaOH + 25 ml of water replae- 
ing the 40 ml of 2M ammonium acetate. 5, 6, and 7 were 
performed according to the general procedure. Very little if any 
acetone remains after evaporation for 2.0 hr. 

replaced by sodium hydroxide), was negligible even after standing for 3 or 4 hr in 
glass beakers. (Polythene was found to be unsatisfactory for the work described in 
this paper because of the tendency of the aluminium precipitate to adhere to the 
surface.) It may, therefore, be concluded that tracer quantities of yttrium [and 
probably also scandium and cerium(III)] are prevented from undergoing surface 
adsorption on glass or on the precipitate by acetone or by acetate ions (expts. 5, 6 
and 7, Table IV). 

Coprecipitation experiments were performed in which varying amounts of inactive 
yttrium were present. Corresponding molar increases in 8-hydroxyquinoline were 
made to these mixtures which were otherwise prepared according to the General 
procedure. It was found that when yttrium was present in amounts greater than 
about 14 mg, it precipitated immediately or within minutes of adding the 8-hydroxy- 
quinoline. The precipitates thus formed were not dispersed by further additions of 
either acetone or 8-hydroxyquinoline. Qualitative tests with cerium(II1) in the 
absence of aluminium suggest that colloid formation followed by slow precipitation 
and possibly also oxidation sets in when lower amounts (15 mg) of this metal ion 
are present. On the other hand, 25 mg of aluminium do not precipitate. Scandium 
was not examined. Table V records results obtained with yttrium. 

Following the same procedure as was used to obtain the results in Table V but 
omitting aluminium, gelatinous precipitates, difficult to filter, were obtained from 
solutions containing 25 mg of yttrium. Analysis of such a precipitate, collected, 
washed well with cold water and dried at 110” for l-5 hr gave Y, 20.3 % (as Y,Od; 
C, 55.3 % and H, 3.47 % [Y(CsH,NO),.OCOCH, requires Y, 20.4 %; C, 55.1%; H, 
3.47 x.1. The dried solid had a brownish-yellow colour. In the absence of acetate a 
bright yellow precipitate was obtained and analysis showed that the dried substance 
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was Y(C,H,NO),. In Table V, the percentage of the aluminium precipitated 
(column 2) was calculated on the assumption that the yttrium was coprecipitated as 
Y(C,H,ON), in experiments 3 and 4 and present as Y(C,H,NO),.OCOCH, in 5, 6 
and 7. 

The results in Table V show that even when considerable relative amounts of 
yttrium are present in the solutions, the aluminium tris-(Shydroxyquinolate) tends 
to exclude yttrium from the precipitate. Only when the concentration of the yttrium 

TABLE V.-CO-PRECIPITATION OF MILLIGRAM- 

AMOUNTS OF YlTRIUM WITH ALUMINIUM 

Y added, 
No. v 

1 0.356 
2 1.78 
3 4.43 
4 8.86 
5 8.86 
6 13.29 
7 13.29 

Al Y 
pptd., % copptd., % 

51.4 0.33 
47.4 0.42 
83.8 0.72 
70.7 0.77 
98.5 45.8 
79.6 29.5 
87.0 53.7 

builds up relative to the concentration of the aluminium, either by deliberate addition 
of the former or through removal of the latter by precipitation, does the yttrium tend 
to precipitate significantly. Post-precipitation rather than coprecipitation may 
predominate when the larger amounts of yttrium are present (c$ results 4 and 5, 
Table V). The last two results recorded in Table III suggest that post-precipitation 
also occurs significantly with tracer yttrium in the absence of acetate. 

Attempts were made to obtain information on the distribution of tracer in precip- 
itates obtained under conditions yielding the results reported in Tables I and III. 
The precipitates, while still on the crucible, were partly dissolved away with an 
aqueous acetone solvent mixture approximating in composition to that prepared 
initially and yielding the precipitate on evaporation except that the metal ions 
were absent. Typical results are recorded in Table VI. 

The results suggest that in the presence of acetate the tracer may be distributed 
throughout the crystals or perhaps concentrated near the centres. In the absence of 
acetate results 4 and 5 suggest (when compared with results from Table III) that some 
surface adsorption may be occurring. However, these conclusions are based on the 
assumption that preferential leaching of one of the components does not take place, 
an assumption which may not be valid when the solubilities of the species involved 
are different and when non-equilibrium conditions exist during the dissolution process. 

According to Geilmann and Wrigge,12 indium is quantitatively precipitated as 
the tris-(Shydroxyquinolate) from sodium acetate-acetic acid solutions. MoellerlO 
has shown that this complex extracts completely from solutions containing some 
acetic acid into chloroform at a pH of approximately 3.2. Complete precipitation of 
milligram-amounts of indium would be expected at or above this pH and, provided 
acetate did not interfere, tracer quantities of indium would therefore coprecipitate 
readily with aluminium, precipitated according to the procedure used in investigating 
the other tracers. The results presented in Table VII show that coprecipitation is 
such that, just a slightly lower fractional precipitation of tracer occurs for a given 
fractional precipitation of aluminium. There is some indication (Table VII) that the 
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fraction of indium precipitated increases relative to that of the aluminium when 
precipitation of the latter is nearly complete, particularly at lower acetate concen- 
trations. The extent of coprecipitation is otherwise little affected by change in the 
amount of acetate present over the range investigated. (The pH may also change 
slightly in these experiments.) As would be expected under these circumstances if 

TABLE VI.-DISTRIBUTION OF TRACER IN THE 
CARRIER PRECIPITATE 

Al Ala left k * left in 

No. Tracer pptd., % on washing, % ppt.9 % 

;: Y SC 65.7 54.9 58.4 35.6 0.374 0,327 
3b Ce 61.4 41.3 0.252 
4c Y 59.7 29.3 1.19 
5c Y 72.2 48.7 1.92 

B Expressed as percentages of the total added originally. 
b Obtained from an acetate medium. 
c Obtained in the absence of acetate. 

TABLE VIL-COPRECIPITATION OF INDIU@ WITH ALUMINIIJM 

Ammonium 

acetate Al In 

added, bM pptd., % qWd., % D 1 

0.20 34.6 29.9 0.806 0.838 

O-20 54.5 52.7 0.930 0.95 1 

0.20 71.4 68.5 0.871 0.923 

0.20 92.3 92.0 0.96 0.97 

1.0 20.1 17.8 0.861 0.874 

1.0 24.0 19.7 0.777 0.799 

1.0 41.7 39.4 0.909 0.928 

1.0 66.7 60.1 0.752 0.835 

1.0 81.4 77.1 0.770 0.876 

1.0 91.0 90.0 O-89 0.96 

2.0 12.8 10.2 0.774 0.787 

2.0 14.4 12.0 0.811 0.822 

20 23.9 19.7 0.781 0.803 

2.0 24.9 20.7 0.787 0.809 

2.0 26.0 21.3 0.770 0,797 

2.0 39.2 34.7 0.824 0.856 

2.0 65.4 59.4 0.774 0.849 

2.0 77.2 71.1 0726 0.840 

2.0 90.7 87.1 0.69 0.86 

* 4.6 x 10eB mole (0.53 mg) per sample. 
b 40 ml of the concentration stated here; 

outlined under Experimental was followed. 

otherwise the procedure 

isomorphous substitution occurs in the crystal both D and ;Z are approximately 
equal and constant; these results are very different from those obtained with 
scandium, yttrium and cerium(II1). 

This difference in behaviour would appear to arise from structural differences 
between the complexes produced in the solutions. Both aluminium and indium 
yield a tris-(8-hydroxyquinolate) complex from solutions containing acetate ion in the 
concentration range used in the work described here. It was found that milligram- 
amounts of indium (and incidentally also gallium) can be precipitated by isothermal 
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evaporation of aqueous acetone solutions containing acetate with results similar to 
those obtained with aluminium. The other metal ions behave differently; in the 
presence of much acetate, mixed acetate-8-hydroxyquinolate complexes are probably 
formed as has been shown for milligram-amounts of yttrium. Evidence in support of 
this view is provided by the work of Ishimori,ls who studied the partition of tracer 
quantities of yttrium between an aqueous acetate or tartrate (not specified which) 
phase at pH 8.6 and a chloroform phase containing 8-hydroxyquinoline. He found 
that the yttrium distribution depended only on the square of the reagent concentration 
and concluded that the species extracting had the composition Y(C,H,ON),X, 
where X is a monovalent anion. 

The difference in behaviour is possibly associated with the ability or inability of the 
heterocyclic nitrogen atom of 8-hydroxyquinoline to act, in complex formation, as 
a donor in competition with oxygen from acetate ions or even water. A heterocyclic 
nitrogen atom acts as a strong donor for indium(II1) because [In(phen)$+ can be 
precipitated (with a suitable anion) from aqueous solutions by o-phenanthroline 
(phen).14 An aluminium15 and, independently, rare-earth16 complex ions of the form 
M(phen),3+ have been isolated as perchlorate and thiocyanate salts, respectively, 
from ethanolic solution. Whilst the aluminium complex ion has been shown to be 
stable in polar solvents the rare-earth complex ions are said to break up. Only 
oxygen, it appears, is a satisfactory donor in chelate formation for the rare-earth(III) 
ions;l’ the formation (stability) constants of the complexes with 8-hydroxyquinoline 
are thus likely to be somewhat lower than for aluminium or indium. (Relative meas- 
urements have not been reported.) In the absence of acetate which does complex 
significantly with rare-earth ions, if the normal complex, Y(C,H,ON),, is formed, 
coprecipitation might be expected to occur to a greater extent than is observed (Table 
III). However, even assuming that a 1: 3 complex is formed, it may be that the 
nitrogen donors failed to displace co-ordinated water readily from the hydration sphere 
of the metal ion, thus giving a reaction of the form 

M(H,0),3+ + 3(C,H,ON)- + M(C,H@N),(H,O),, + 3H,O 

where x, if only the primary hydration sphere is considered, is probably 6. The 
observation* that yttrium is not extracted from slightly acid aqueous solutions con- 
taining 8-hydroxyquinoline into chloroform but that Y(C,H,NO),, when isolated 
and dried, readily dissolves in the latter solvent provides support for this suggestion. 
For similar reasons, scandium(II1) may take up an extra molecule of 8-hydroxy 
quinoline, giving Sc(C,H,ON),.C,H,ON in the solid, when a sufficient concentration 
of this reagent is present (unlikely in the experiments described here) in such a way 
that only its oxygen atom co-ordinates, as has recently been show@ by an X-ray 
structural examination, to be the case for U0,(C9H,0N),.C,H,0N. 

Whatever structures these complexes assume, however, the results presented here 
suggest that the growing aluminium tris-(8-hydroxyquinolate) crystals are sensitive 
to the incorporation of more than a small fraction, even of very low levels, of im- 
purities in the form of other tervalent-metal ions, which may exist predominantly in 
the solution from which the crystals are growing, in a form containing 8-hydroxy- 
quinoline but other than M(C,H,ON),. (M represents the tracer metal ion.) This 
appears to be so notwithstanding the lower solubilities of macro amounts of the 
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tracer ions (at least for yttrium and cerium) relative to that of aluminium in the 
medium from which precipitation is occurring. 

AcknowIe&ement-We are grateful to Mr. T. F. Holmes of the Chemistry Department for performing 
the C and H analyses. 

Zusammenfassung-Die Mitfiillung von Tracermengen von radioak- 
tivem Scandium, Yttrium, Cer und Indium mit Milligrammengen 
Aluminium wurde untersucht. Aluminium wurde als Tris(&hydroxy- 
chinolat) durch langsames isothermes Abdampfen wtiriger acetonhal- 
tiger Liisungen gefallt. In gegenwart von Ammoniumacetat wird 
weniger als 0,5% von Scandium, Yttrium oder Cer mitgefallt. Der 
Anteil mitgefallten Tracers ist von dem gefallten Aluminiumanteil 
ziemlich unabhangig. Oberl%chenadsorption von Tracer am Glas 
oder am Niederschlag findet nicht stat& such wenn alles Aceton 
abgedampft ist. Milligrammengen Yttrium und Cer geben aus 
acetonhaltigen Liisungen schleimige Niederschlage (in Abwesenheit 
von Aluminium) ; der getrocknete Yttriumniederschlag hat die Zusam- 
mensetzung Y(CIHsNO)IOCOCHI. Auch Milligrammengen Yttrium 
werden vom Aluminiumniederschlag nicht aufgenommen. In Abwesen- 
neit von Acetat, aber unter Redingungen, unter denen Milligrammengen 
Yttrium ausfallen wtirden, liegt die Mitf&llung von Yttrium bei 10-90 
prozentiger Ausfallung von &ninium zwischen 1 und 6%. Wenn 
alles Aceton abeedamuft wird. findet betriichtliche Oberfllchen- 
adsorption des Tr&ers &att. Die teilweise Ausfallung von Indium als 
Tracer zwischen 10 und 90% aus acetathaltigen Liisungen ist nur 
wenig geringer als die entsprechende teilweise Ausf;illung von Alum- 
inium. Unter der Annahme einer homogenen beziehungsweise einer 
logarithm&hen Verteilung in den Kt%tallen berech:ete Koeffi- 
zienten D und rl sind ungefahr gleich und konstant. Milligrammengen 
Indium geben bei der Abdampfmethode aus acetathaltiger Liisung 
eine kbmige Flllung. 

R&nn&Gn a ttudie la copmcipitation des scandium, yttrium, cerium 
et indium radioactifs, a la c&&ration des traceurs, a&c des quantites 
d’aluminium de l’ordre du me. L’aluminium a tte m&mite a l’etat de 
tris-(8-hydroxyquinolinate) Far evaporation is&her&e lente de 
solutions hydroacetoniques. En presence da&ate d’ammonium, 
moins de 0,5 ‘A du scandium, de l’yttrium ou du c&ium coprecipitent. 
La fraction de traceur entralnb est approximativement independante 
de la fraction d’aluminium pr&cipit& 11 ne se produit pas d’adsorption 
en surface du traceur, ni sur le recipient en verre, ni sur le precipite, 
meme lorsque toute l’ac&one a et&. eliminee. Des quantites d’yttrium 
et de &ium de l’ordre du mg donnent des pr&pites gelatineux a partir 
de systemes similaires contenant de l’ac&one (l’ahuninium &ant absent) ; 
le pr&cipite d’yttrium, set, a la composition Y(CpHBN0)2-OCOCHs. 
Meme des quantites d’yttrium de l’ordre du mg, lorsqu’elles sont 
presentes, tendent a dtre rejetQs par le pr&pitC d’aluminium. En 
l’absence da&ate, mais dans des conditions oh des quantites d’ 
yttrium de l’ordre du mg precipiteraient, pour une precipitation de 
l’aluminium allant de 10 a 90%. la coprecipitation de l’yttrium se 
situe entre 1 et 6 ‘A. L’elimination de toute l’a&one a pour consequence 
une adsorption. en surface considerable du trace&. A pa&r de 
solutions da&ate. la vrecinitation fraction&e de l’indium a l’etat de 
traceur, dans le domaine f0 a 90x, n’est que legerement differente 
(plus faible) que la precipitation fraction&e correspondante de l’- 
aluminium. D et I, les coefficients calcules en supposant des distri- 
butions respectivement homogene et logarithmique, il l’interieur des 
cristaux, sont approximativement Bgaux et constants. Des quantites 
d’indium de l’ordre du mg donnent un precipite granulaire, par la 
technique d’tvaporation lente, a partir des solutions renfermant de 
l’a&ate. 
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Smmmuy-Neutron-activation analysis results for four rare earth 
elements in standard silicate rocks, G-l and W-l, are reported. An 
anion-exchange method for the separation of scandium, yttrium, 
samarium and lanthanum in good- radiochemical purity his been 
develoned. The method is based on the chromatomauhic elution of 
these &ements from a Dowex 1 x 8 (nitrate form) r&in column using 
methanol-nitric acid mixtures. The results obtained by this method 
are compared with values already available. 

INTRODUCTION 

THE relative abundances of the individual rare earths in terrestrial as well as meteorite 
samples are of geochemical interest, because they have been used as an argument 
for the existence of abundance rules .l However, the reliability of analytical data for 
these elements, even on “Standard Rocks,” seems to be far from satisfactory as 
evident from the summaries of values by Ahrens and Fleischers and Fleischer and 
Stevens3 The methods which have been generally used for their determinations are 
spectrographic. Many of the rare earth elements are well suited for neutron-activation 
analysis so that this technique has been used for their determination.&ll The present 
paper describes the procedure employed for the determination of scandium, yttrium, 
samarium and lanthanum in the standard rocks G-l and W-l. 

Nuclear data 

The principles and techniques of neutron-activation analysis have been reviewed 
in the literature and will not be repeated here. The data12*13 relating to the activation 
of the elements under consideration are given in Table I. 

Based on the information shown in Table I, 46Sc, goY, ls3Sm and lmLa have been 
chosen as suitable isotopes for the determinations of these elements. 

Reagents 
EXPERIMENTAL 

All reagents were of recognised analytical purity. 
Carriers for lanthanum, samarium, yttrium and scandium. Oxides of purity 299.9 % of individual 

elements were ignited and dissolved in nitric acid so as to give solutions containing 10.0 mg of 
metal/ml. 

Standards. Standards of the above elements, containing 100.0 ,ug/ml, were prepared by dissolving 
spec-pure oxides in nitric acid. In the case of scandium the purity was only 99.9 %. 

* Presented at the symposium on Nuclear and Radiation Chemistry held in Bombay between 16th 
and 19th March 1964, under the auspices of the Chemistry Committee of the Department of Atomic 
Energy. 

12 1249 
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TABLE I.-NUCLEAR DATA RELATING TO THE ACTIVATION OF SCANDIUM, Y~RIUM, 
SAMARIUM AND LANTHANUM 

Target 
nuclide 

Saturation 
specific No. of 

Product activity photons 
nuclide for a flux of per 100 

by (% Y) 1.0 x 10%. cm-a sec.?, Mode of 
Gamma-ray 

disinte- 
reaction Half-life +mlCcg . 

energy, 
decay MeY grations 

‘T3C 

=Y 

la4Sm 

ls8Sm 

‘%C 

9OY 

l’?Irn 

lssSm 

840 d 

64.2 h 

340.0 d 

47.0 h 

9.6 x 10” 

4.9 x 106 

tl.5 x 104 

8.9 x lo8 

Beta 
(100) 
Beta 
(100) 

&I) 
Beta 
(100) 

lsoLa lroLa 40.2 h 2.1 x 106 Beta 
(100) 

0.885 100 
1.12 100 
1.73 0.002 

0.061 12.1 
0.485 0.003 
0.069 2.3 
0.084 1.2 
0.103 33 
O-178 0.02 
@530 0.06 
0.328 35 
0.487 44 
0.815 40 
0.890 9 
1.59 88 
2.6 0.9 

Ion-exchange resin. Dowex 1 x 8 analytical grade resin of mesh size 50-100 was regenerated in 
nitrate form and used when required. The resin was pre-equilibrated with the proper methanol-nitric 
acid mixture overnight before use. 

Methanol-nitric acid mixtures. Analytical reagent grade nitric acid was standardised by titrating 
with standard alkali and suitably diluted to give 7.0, 1-O and O*lM nitric acid. The eluants were 
prepared by diluting aqueous nitric acid, of the molarity indicated, with methanol to give the appro- 
priate percentage composition. Thus, 10% l*OM nitric acid-methanol is obtained by diluting 10.0 ml 
of l.OM nitric acid to 100.0 ml with methanol. These mixtures were prepared fresh when required. 

Oxalic acid. Saturated aqueous solution. 

Apparatus 
Ion-exchange columns. Conventional ion-exchange columns, 30.0 cm x 8.0 mm, with stopcocks 

to regulate flow rates were used. 
Counters. Beta activities were counted using a Geiger-Mtlller counter. Gamma activities were 

measured using a single channel analyser connected to a scintillation head consisting of a 1.5” x 1” 
NaI (Tl activated) crystal coupled to a E.M.I. 9536 photo tube and cathode follower. 

Irradiation 
For the determination of samarium and lanthanum 50*0-mg samples were irradiated for 24-40 hr. 

For yttrium and scandium, 200.0 mg samples were irradiated for U hr. The samples were sealed 
in Polythene capsules. Standards were prepared by evaporating aliquots of the standard solution 
varying between 1 and 10 ,ug on Polythene sheets. These were sealed and irradiated with the samples, 
in the “Apsara” Swimming Pool Reactor of the Atomic Energy Establishment Trombay, at a flux of 
1 x 10” n. cm-*. sec.+ A cooling of 24 hr was needed before determining yttrium, samarium and 
lanthanum; for scandium the cooling period was 2 weeks. 

Radiochemical separation 
Isolation ofrare earths as agroup. 

and 
A weighed amount of irradiated sample (25.0 mg for lanthanum 

samarium and 100~0 mg for yttrium and scandium) was treated with hydrofluoric acid in a 
platinum dish to expel silica. A suitable aliquot of the carrier solution, containing 10-15 mg of the 
element being determined, was added to the dish and evaporated to dryness. The mass was fused 
with potassium bisulphate and taken up in 5 ‘A sulphuric acid. The rare earth activities were isolated 
as a group by at least three cycles of hydroxide and fluoride separation.l” The hydroxides were finally 
dissolved in nitric acid and the solution evaporated to dryness on a water bath. The residue was taken 
up in the appropriate methanol-nitric acid mixture for ion-exchange separation. 
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Zon-exchange separation. The ion-exchange separation is based on the data published by Faris 
and Warton.” Their values indicate that in these solvent mixtures scandium elutes first from the 
resin. The heavy earths from lute&m to terbium with yttrium move almost together, followed by 
gadolinium to lanthanum in that order. Eluants were prepared and their suitability was established 
by using the carrier for the element of interest and tracers for those from which separation was 
desired. The composition of the eluants used and details of the elution behaviour of the individual 
elements are given in Table II. 

TABLE II.-COMPOS~ON OF ELUANTS AND DETAILS OF SEPARATION’ 

Element Sorptior? 
Removal of heavier 

rare earths 
Elution of 
element 

Elements 
retained 

on column 

Scandium 

Yttrium 

10.0 ml of 2.5 % 
7.0M nitric 
acid-methanol 

10.0 ml of 2.5 % 
7.OM nitric 
acid-methanol 

Samarium 10.0 ml of 10% 
1 -0M nitric 
acid-methanol 

Lanthanum 10.0 ml of 10% 
l.OM nitric 
acid-methanol 

- 

30.0 ml of 2-5 % 
7.OM nitric acid- 
methanol (SC) 

40.0 ml of 10% 1M 
nitric acid- 
methanol (Lu to 
Tb with Y), 
followed by 20.0 
ml of 10% 0.7M 
nitric acid- 
methanol (Gd 
to Eu) 

40 ml of 10% 1M 
nitric acid- 
methanol (SC + 
Lu to Tb), fol- 
lowed by 50 ml of 
10 % 0.05M nitric 
acid-methanol 
mixture (Gd to Ce) 

30.0 ml of 25 % 
7.OM nitric 
acid-methanol 

5@0 ml Of 10.0 % 
1 -0M nitric acid- 
acid-methanol 
(Lu to Tb with 
Y) 

50.0 ml of 10% 
0.5M nitric 
acid-methanol 
(Sm) 

50 ml of O.OlM 
nitric acid (La) 

All rare earths 
including Y 

Elements lighter 
than Gd re- 
tained on 
column 

Elements lighter 
than Sm re- 
tained on 

n Flow rates: 0.5 ml/min for sorption step and O-5-08 ml/min for subsequent elutions. 
) The residue of nitrates after chemical treatment is dissolved in the given volume of the eluant. 

The solution obtained after ion-exchange separation was evaporated on a water bath, the residue 
dissolved in water and the oxalates of yttrium, samarium and lanthanum precipitated. Scandium was 
precipitated by 8-hydroxyquinoline. The precipitates were filtered using a demountable filtration 
unit, washed with water, dried and mounted for counting. 

Counting and chemical yield 

Scandium. T3c activity was determined by counting the photopeak activities at @89 and l-12 Mev. 
Yttrium. B0Y activity was measured through an aluminium absorber (182 mg.cr&). In the absence 

of an absorber, a long lived activity, possibly terbium or ytterbium was observed. Consideration of 
the nuclear datrPJ* of the heavy rare earths which are likely to accompany yttrium in the ion- 
exchange separation shows that an appreciable interference in the determination of yttrium, counted 
through an absorber, can only come from lasHo. The observed half-lives of the samples indicate that 
there is no significant contamination by an element with a shorter half-life (Fig. 2). 

Samarium. lsaSm activity was determined by beta counting. The radiochemical purity of samar- 
ium was established by following the half-life. The gamma spectrum of samarium isolated from the 
samples (Fig. 2) shows that there is no significant contamination by other nuclides. 

Lanthanum. l@La activity was determined by beta counting and gamma counting using the 
O-487-MeV photopeak. The photopeak activity decayed with the expected half-life. The beta activity 
decay curve showed an impurity, presumably neodymium, which was resolved (Fig. 1). 

The chemical yield was determined by igniting the precipitates as oxides. 
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* 4 6 6 10 12 14 16 16 20 
-NO. OF DAYS 

FIG. I.-Decay curves of 140La: 
IA--Gross p-decay of lanthanum fraction from G-l, 

after correcting for tail, 
I,---B-Decay of lanthanum fraction from G-l 

II*-Gross B-decay of lanthanum fraction from W-l, 
of lanthanum fraction from W-l after correcting for tail, 

II,-@-Decay 

from G-l, 
I,---y-Decay of lanthanum fraction 

He---y-Decay of lanthanum fraction from W-l. 

20 40’ 60 60 100 120 lb0 160 100 2 
- NO. OF HOURS 

FIG. 2.-Decay curves of OOY and 16*Sm: 

O2 
, 

J,-Yttrium from W-l, IB-Samarium from G-l, HA-Yttrium from G-l, 
II,-Samarium from W-l. 

(1~ and II*, R.HS: IB and IIn, L.H.S.) 
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-ENEWl,MR” 

FIG. 3.-Gamma spectra of 15aSm, lroLa and Tic: 

A-Samarium, B-Lanthanum, C-Scandium. 

TABLE III.-RESULTS FOR SCANDIUM, YTTRIUM, SAMARIUM AND LANTHANUM IN G-l AND W-l 

G-l W-l 

Element 
_____~ -__ 

Concentration, Measured Concentration, Measured 
Remarks 

PPm half-life, hr mm half-life, hr 

Scandium 

(a) 2.96 
2.98 

(b) 2.92 
3.12 

- 
- 

(a) 32.7 
31.2 

(b) 34.4 
34.4 

q 
- 

(a) Based on 0+385 
MeV y-ray 

(b) Based on 1.12 
MeV y-ray 

3.0 33.3 Mean 

Yttrium 

13.1 64.5 26.2 65.5 &measurement 
13.8 65.0 26.7 66.0 
13.1 66.5 27.9 

through an (182.0 
64.5 

12.1 62.0 
mgcm-*) Al 

27.5 60.0 absorber 

13.0 27.1 Mean 

12.5 49.0 7-o 48.5 
13.8 49.0 6.4 50.0 

Samarium 13.2 50.0 6.4 49.5 

13.2 6.6 Mean 

Lanthanum 

132 
135 
126 
136 

132 

40.5 
40.5 
39.0 
39.0 

19.1 
20.8 
21.4 
22.8 

21.0 

40,5 
40.5 
40.0 
39.5 

Based on /I- 
activity measure- 
ment 

Mean 

116 40.7 16.0 39.0 
126 41.5 16.2 39.8 
123 41.0 21.4 40.0 
136 41.5 22.2 41.0 

Based on O-487 
MeV y-ray 

125 19.0 Mean 
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TABLE IV.--COMPARISON OF RESULTS OBTAINED WITH PUBLISHED RESULTS FOR G-l AND W-l 

Published results 

Element 
Present 

method, Neutron Recommended 

activation, values, ppm 
Range of 

mean ppm Reference values, __- 
ppm A.F.B F.S.’ PPm 

Scandium 

G-l 3.0 2.8 6 4 3 2.7 to 13 
2.7 7 3 

34.0 6 
W-l 334 34.0 43 33 25 to 120 

31.0 

G-l 13.0 12.5 11 21 21 10 to 30 
Yttrium 

W-l 27.1 23.8 11 35 35 30 to 50 
G-l 13.2 11.0 7 11 - 

8.6 11 
Sam~~urn 

W-l 6.6 5.1 7 5 - 
3.8 11 

G-l 132 141.9 10 
125 122.0 7 150 120 60 to 430 

Lanthanum 
113.0 8 
102 11 

W-l 21 27 7 30 
19 13 8 30 5 to 32 

11.7 11 

RESULTS AND DISCUSSION 

The results obtained for the four elements are given in Table III. 
The mean values for lanthanum, in which both beta and gamma measurements 

were used, show a difference between the two procedures of 6 % for G-l and 10% 
for W-l. The number of measurements does not permit the assignment of any 
significant cause for this difference. 

In Table IV, the mean values obtained by the present method are compared with 
those recommended and those obtained by other workers using the technique of 
activation analysis. 

Taylor and Ahrens l* have recommended these samples as standards for spectro- 
graphic analysis, whilst others 18~ls have expressed doubts regarding their very homo- 
geneity. 

It may be noted from Table IV that the reported values show a large spread for any 
given element. Hence a comparison of results becomes difficult. However, the present 
results are in good agreement with other results obtained by activation analysis. 

While the method permits resolution of elements having close half-life values, it 
is not expected to separate individual members of the rare earth series, because an 
unusually large excess of an element modifies the elution behaviour of the adjacent 
elements. The advantages claimed for the method are satisfactory precision, rapidity, 
simplicity of operation and use of commonly available reagents. There should be 
few difficulties in applying the method to other minerals and ores, and work along 
these lines is in progress. 
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Zasammenfassung-Ergebcnisse der Neutronenaktivierungsanalysc fiir 
vier seltene Erden in den Standard-Silikatgesteinen G-l und W-l 
werden angegeben. Eine Anionenaustauschmethode zur Abtrennung 
von SC, Y, Sm und La in guter radiochemischer Reinheit wurde 
entwickelt. Die Methode beruht auf der chromatographischen Elution 
dieser Elemente von einer S8ule mit Dowex 1 x 8 (NO,--Form) mittels 
Methanol-Salpetersire-Mischungen. Die Ergebnisse dieser Methode 
werden mit bereits zuganglichen Daten verglichen. 

R&sum&-On de&t les resultats de l’analyse par activation de neutrons 
pour quatre elements des terres rares dam les roches aux silicates, 
ttalons G-l et W-l. On a tlabore une methode par &change d’anions 
pour s&parer SC, Y, Sm et La dans un &at de purete radiochimique 
satisfaisant. La mdthode est bas&e sur l’elution chromatographique 
de ces elements, a partir dune colonne de r&sine Dowex 1 x 8 (forme 
NO,-), au moyen de melanges methanol-acide ntrique. On compare 
les resultats obtenus par cette methode aux donnees deja existantes. 
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Summary-Silver in aqueous solution in the range l-10ppm is 
determined by direct atomic absorption spectroscopy in an air/propane 
flame at 3281 A. Many potential interferences are examined; only 
thorium, iodate, tungstate and permanganate cause interference when 
present in lOOO-fold mole-ratio excess. Silver can also be determined 
without interference from any known ion in the range 0.1 down to 
@Ol ppm in aqueous solution following an extraction of the silver 
as its di-n-butylammonium salicylate into methyl isobutyl ketone. 
The extract is submitted directly to absorptiometry in the flame. The 
solvent enhancement effect is shown to be caused principally by an 
increase of atomisation relative to aqueous solution. 

THE advent of atomic absorption spectroscopy has led not only to a simplification in 
the preparation of a sample for analysis, but also to the determination of traces of 
metals which have hitherto been very difficult to determine by their emission in 
flames. One such metal is silver, and methods for its analysis in trace amounts 
have usually been based on spectrophotometry and the use of the organic reagents 
dithizone,l p-dimethylaminobenzylidenerhodaninel and, latterly, pyrogallol red.2 
The last-mentioned reagent, used in conjunction with a selective extraction system3f4 
for silver ions, possesses the advantages of selectivity, sensitivity, stability and 
reproducibility. However, subsequent evaluation of the reaction mechanism,5 
together with the lack of specificity, indicates that there are some limitations to its 
wider application. 

The use of atomic absorption spectroscopy as an analytical technique is now well 
established6 and it has been reviewed by Elwell and Gidley.’ Application of the 
technique to the analysis of trace amounts of silver was first described by Lockyer 
and Hames.s These workers produced calibration curves from I.0 to 10 ppm of 
silver and they examined the effects of some other noble metals, viz., gold, platinum, 
palladium and rhodium, on the determination. 

Traces of silver (< 10 ppm) are of vital concern in many areas, such as effluent 
analysis. It was, therefore, the purpose of the following investigation to examine 
the possibilities of applying atomic absorption spectroscopy to such complex problems. 

The apparatus used by the authors was the commercially available Hilger and 
Watts Uvispek (H700) spectrophotometer and its atomic absorption attachment. 
Using the optimum instrument control settings (see Apparatus), it was found that 
down to 1 ppm of silver in an aqueous solution could be easily determined. Further- 
more, a plot of absorbance against concentration of silver (in ppm) produced a 
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straight line calibration curve from 1 to 10 ppm of silver and its extension passed 
through the origin (Fig. IA). The plot above the IO-ppm level of silver curved off 
slowly towards the abscissa (absorbance zero). 

INTERFERENCES 

The absorbance depends upon the rate of atomisation or the amount of material, 
in the form of droplets, reaching the flame. Thus, it is necessary in such an investi- 
gation to consider those substances which could give rise to physical changes in the 
solution to be atomised as well as direct chemical interferences. 

Cations 

The effect was observed upon an aqueous solution 5 x 10-6M in silver nitrate 
(5.394 ppm of silver) of about a lOOO-fold mole excess, relative to silver, of a number 
of metal nitrates. No interference was noted' from Al, Ba, Be, Bi, Ca, Cd, CerII, 
Co, Cr, Curr, Ferrr, Hgrr, K, La, Li, Mg, Mn II, Na, NH,+, Ni, Pb, Snrv, Sr, TP, Zn 
and Zr. Other workers6 have already shown that there is no interference from a 
similar excess of the noble metals Au, Pt, Pd and Rh. 

Only thorium was found to interfere, causing a reduction in the absorbance of 
approximately 15%. This was suspected to be caused by the formation of a refractory 
oxide of thorium. Wilsonll reports interference from relatively large amounts of 
aluminium in his determination of silver in aluminium alloys. 

Inorganic anions 

No interference was observed from a IOOO-fold mole excess, relative to silver, 
of the sodium, potassium or ammonium salts of B40,2-, Br, Cl-, ClO,-, ClO,, 
CN-, CO,2-, Cr0,2-, Cr20re--, Fe(CN),3-, Fe(CN), 4- I-, MoOa2-, NO,-, NO,-, , 
POa3--, SCN-, S042-, S2032-, S20,2- and V03-. 

Only iodate, permanganate and tungstate were found to interfere. Iodate decreased 
the absorbance by ca. 80%, permanganate by ca. 15% and tungstate by ca. 6%. 
The interferences, especially with iodate, are caused by the formation of precipitates 
which immediately settle out of solution. Provided that the precipitate is in an 
attenuated finely divided form, for example silver chloride, then there is no reduction 
in the expected absorbance. 

Organic anions 

The sodium or potassium salts of acetate, formate, oxalate, tartrate, phthalate and 
citrate were also investigated at a lOOO-fold mole excess, but none was found to 
interfere. 

Acids 

Hydrochloric, sulphuric, nitric, phosphoric and acetic acids were examined by 
adding IO-ml aliquots of each concentrated acid to 5 ml of a 10b3M solution of 
silver nitrate, followed by dilution to 100 ml with distilled water. The silver content 
of such solutions was 5.394 ppm. 

There was no interference from hydrochloric and nitric acids, but sulphuric and 
phosphoric acid caused a reduction in absorbance, whilst acetic acid caused an 
increase. The reduction in absorbance (ca. 20% in both instances) is caused by the 



Atomic absorption spectroscopy of silver 1259 

increased viscosity of the solution, which gives rise to a reduced r&e of atomisation. 
The increase in absorbance (cu. 36%) with acetic acid is caused by what is commonly 
called the “organic solvent effect”. This is an enhancement in absorbance observed 
upon the addition of an organic solvent which is miscible with the aqueous solution 
under investigation. The over-all effect seems to be an increased rate of atomisation. 
This effect is discussed below under “The organic solvent efict”. 

Organic solvents miscible with water 

The absorbance of an aqueous solution 5 x IOWA4 in silver nitrate was compared 
with that of solutions 5 x 10-5M in silver nitrate and 10% with respect to the organic 
solvents acetone, dioxan, ethanol, ethylene glycol, formaldehyde, glycerol, isopropyl 
alcohol, methanol, methyl ethyl ketone and pyridine. 

Glycerol gave a reduction in absorbance because of an increase in the viscosity 
of the solution and a subsequent reduced rate of atomisation. All of the remaining 
solvents produced, however, a considerable enhancement, especially isopropyl 
alcohol and methyl ethyl ketone (CCL 43% in each instance). 

Surface active agents 

Gelatin was chosen as a typical surface active agent and its effect was examined 
in a manner similar to that of Organic solvents miscible with water. Although only a 
slight enhancement was given, it was sufficient to indicate that a lowering of surface 
tension can increase the rate of atomisation. 

“The organic solvent eflect” 

The reduction or enhancement in the absorbance, from the addition of certain 
organic solvents miscible with an aqueous silver-containing solution, was further 
investigated by considering the variations in the volume of different solvents actually 
fed into the burner as a fine spray. 

First, a known volume of distilled water was converted into a fine spray by the 
vapour chamber attachment under the usual optimum conditions. The total time for 
the complete consumption of the distilled water was recorded, together with the 
volume of liquid not converted into a fine spray. This latter measurement was made 
by attaching a measuring cylinder to the waste outlet of the spray chamber. A 
similar experiment was then repeated with methyl ethyl ketone and a 50% aqueous/ 
glycerol solution. The means of a number of readings obtained are shown in Table I. 

TABLE I 

Solvent system 
Distilled 

water 

Methyl 
ethyl 

ketone 
50% Aqueous 

glycerol 

Volume used, ml 
Volume recovered, ml 
Volume atom&d, ml 
Time taken, set 
Rate, ml/see (throughput 

x 103 
Throughput ratio relative 

to distilled water 

10.0 10.0 6.5 
8.4 48 5.0 
1.6 5.2 1.5 

310 235 1200 
0.516 2.213 0.125 

1GO 4.29 0.24 
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Thus, the rate of atomisation of methyl ethyl ketone is about four times that of 
distilled water, whilst that of 50% aqueous glycerol is about four times less. Con- 
sequently, the differences in the absorbance produced by these systems, containing 
the same concentration of silver, should be in these same ratios if the rate of atomisa- 
tion is the most important factor. In fact, for the systems containing 3.236 ppm of 
silver, distilled water gave an absorbance value of 0.080, methyl ethyl ketone a value 
of O-313 and 50% aqueous glycerol a value of 0.019. This represents a ratio of 
1: 3.9 : 0.24. 

It is, therefore, apparent that the increase or decrease in the absorbance observed 
with different solvents, provided there is no chemical interference, is mainly caused by 
an increased or reduced rate of atomisation. Although these results are very approxi- 
mate, the conclusions reached agree well with the more elaborate experiments 
described by Elwell and Gidley.’ 

Extraction of Silver 

The extraction of silver into an organic solvent before absorption measurements 
should cause an increase in the over-all sensitivity because of a concentration of 
silver in the organic phase and a further increase in sensitivity from the “organic 
solvent effect”. It was, therefore, decided to examine the application of a selective 
extraction system (di-n-butylamine/salicylate ion-association system)394 for silver 
ions to the determination of silver by atomic absorption spectroscopy. 

Preliminary experiments showed that by extracting l- to 5-ml aliquots of a 10-4M 
silver nitrate solution with 10 ml of hexone reagent “A”, it was possible to determine 
silver accurately down to at least O-2 ppm. By extracting from larger volumes of an 
aqueous silver-containing solution with hexone reagent “B”, it was possible to deter- 
mine silver down to 0.01 ppm. The efficiency of this latter extraction system has 
been investigated and confirmed radiochemically.’ 

Fig. 1 shows the two calibration curves obtained for the range l-10 ppm of 
silver in aqueous solution and after extraction with hexone reagent “A”. Fig. 2 
shows the calibration curve obtained over the range O*Ol-O*l ppm of silver after 
extraction of l- to lo-ml aliquots of a 10e4M silver nitrate solution in 1 litre of aqueous 
solution with hexone reagent “B”. 

The partial co-extraction of mercuryI with silver was also investigated and the 
results obtained showed that, provided a sufficient excess of anthranilic acid diacetic 
acid (AADA) was present to complex completely all of the mercury, there was no 
interference from a ca. lOOO-fold mole excess. 

The instrument control settings employed in this work were as described under 
Apparatus, but with one exception. The propane pressure was reduced slightly 
when organic solvents were employed so as to give a non-luminous and non-turbulent 
flame. 

DISCUSSION 

Atomic absorption spectroscopy compares very favourably with other techniques, 
particularly with regard to ease of operation, sensitivity, reproducibility of result 
and an almost complete lack of interference from extraneous cations and anions. 
The precision of a determination has been reported’ to be of the order of 2% and 
because of its high specificity, accuracies are also high. The sensitivity obtained for 
silver, following extraction, is at least as high as that of any of the alternative methods 
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0 2 6 

Silver4 (ppm in6final solution) 
IO 

FIG. I.-Calibration curves for silver determination: 
A-normal procedure for l-10 ppm of silver in aqueous solution; 

B-procedure for 1-5 ppm of silver (in 10 ml of solution) after extraction with 10 ml 
of hexone reagent “A”. 

0.3 - 

0 
.g 0.1 - 

'a 
0 

0 0.02 0.04 m 0.06 

Silver (ppm in original solution) 

FIG. 2.-Calibration curve for extraction of silver 
[normal procedure for 0.0141 ppm of silver (in 1 litre of solution) after extraction 

with 50 ml of hexone reagent “B”.] 

of determination. In addition, we have observed interference from few other ions. 
Although the silver samples examined by the authors have all been in solution-form, 
it should nevertheless be possible to work directly with solid samples by employing 
an atomisation technique, such as cathodic sputtering.s 

EXPERIMENTAL 
Determinations in Aqueous Solutions 

The working range is l-10 ppm of silver (absorbance 0.026 to @270), but this can be reduced to 
l-5 ppm with 50% aqueous/isopropyl alcohol solutions. Of the 27 cations and 30 anions examined, 
only thorium, iodate, permanganate and tungstate interfered. 

Apparatus 

Hiker and Watts Uvispek (H790) spectrophotometer and its atomic absorption attachment: The 
attachment consisted of a vapour chamber, a burner and a silver hollow-cathode lamp (R 161), 
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together with the appropriate power packs. The flame employed was a regulated supply of con+ 
pressed air and propane. 

The optimum instrument control settings were determined with a 10-&M aqueous solution of 
silver nitrate (10.788 ppm of silver). The settings, listed below, were constantly checked, and were 
employed throughout the entire investigation: 

Lamp current: 8 mA (setting 2 on power pack), 
Wavelength: 3281 A, 
Slit width: 0.1 mm, 
Uvispek sensitivity: setting 8, input sensitivity X5, 
Air pressure to atom&r: 17.8 lb./in.*, 
Propane pressure to burner : sufficient to give a non-luminous, non-turbulent flame. 

Reagent 

10-aM Silver nitrate solution. Prepared by dilution of a standard lo-‘M solution (B.D.H. Ltd.): 

1 ml of lo-*M AgNOs = 107.9 pug of Ag. 

Procedure 

Calibration curue (l-10 ppm: see Fig. 1A). Pipette l- to 10-n% aliquots of 10-sM silver nitrate 
solution into lOO-ml volumetric flasks and dilute to the mark with distilled water. Switch on the 
instrument and leave for about 1 hr to attain equilibrium. Next adjust the instrument control settings 
to their optimum or required positions, then spray distilled water through the flame for about 1 min. 
Set the spectrophotometer to read zero absorbance and spray the first silver solution. Measure the 
absorbance, then spray distilled water for a further min, resetting the spectrophotometer controls if 
necessary. This sequence of operations must be carried out after spraying each silver solution. 

Determinations. Proceed as under Calibration curve if the sample is in aqueous solution. If 
substances are present which are likely to reduce the absorbance (e.g., glycerol, sulphuric acid, etc.) 
or enhance it (e.g., organic solvents), then new standard solutions must be prepared containing the 
same concentration of these substances and another calibration curve prepared. The concentration 
of silver is read from the calibration curve. 

Determinations in Organic Media 

The working range in organic media is normally l-5 ppm of silver,1o but by using the di-n- 
butylamine/salicylate extraction system as a means of concentration it is possible to determine 
silver down to 0.01 ppm in an original aqueous solution. There are no cationic interferences because 
of the selective nature of the ion-association extraction system, and in addition those anions compat- 
ible with silver in aqueous solution will also not interfere. 

Reagents 

lo-‘M Silver nitrate solution. Prepared as above: 

1 ml of 10-&M AgNOs - 10.79 pg of Ag. 

Hexone reagent “A”. 3.2 g of salicyclic acid and 30 ml of di-n-butylamine dissolved in and 
diluted to 1 litre with methyl isobutyl ketone. 

Hexone reagent “B”. As reagent “A”, but with 70 ml of di-n-butylamine. 
lo-‘M Anthranilic acid diacetic acid (AADA) solution. Neutralised with sodium carbonate. 
5M Sodium nitrate solution. 42.5 g of analytical reagent grade sodium nitrate dissolved in and 

diluted to 100 ml with distilled water. 
20% Sodium acetate solution. 20 g of analytical reagent grade sodium acetate trihydrate dissolved 

in and diluted to 100 ml with distilled water. 

Procedure 

Calibration Curve (0.01-0.1 ppm: see Fig. 2). Pipette l- to lO-ml aliquots of the 10V4 silver 
nitrate solution into 2-litre separating funnels, treated with a protective silicone film, and make up 
with distilled water to cu. 1 litre. Add 5 ml of 20% sodium acetate solution (to give a nearly neutral 
solution), 5 ml of 5M sodium nitrate solution, 0.4 ml of lo-‘M AADA solution and 50 ml of hexone 
reagent “B”. Shake by continuous inversion for 1 min and chill the separating funnels thoroughly 
in ice-water to obtain a clear solution (cu. 10 min). Run off the lower aqueous layer, then transfer 
the organic phases (now less than 40 ml) to 50-ml volumetric flasks. Wash the funnels with 5 ml 
of methyl isobutyl ketone and add to the volumetric flasks. Finally, make up to the mark with 
methyl isobutyl ketone. 
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Proceed with the absorbance measurements as under Determinations in Aqueous Solutions, 
but with reduction of the propane pressure to obtain a non-luminous, non-turbulent flame on spraying 
the hexone extract. 

Hexone reagent “A” (10 ml) is used for the determination of silver in the range l-5 ppm (Fig. 1B). 
A similar procedure to the above is followed with the exception that chilling of the solvent layers 
and subsequent dilution of the extract is no longer necessary. The volume of the aqueous phase 
employed was 10 ml. 

Acknowledgement-We are grateful to the Department of Scientific and Industrial Research for the 
provision of the optical and electrical equipment used in this study. 

Zusammenfassung-l-10 ppm Silber in wiiBriger Lbsung wird durch 
direkte atomare Absorptionsspektroskopie in einer Luft-Propan- 
Flamme bei 3281 A bestimmt. Viele mogliche stiirungen werden 
untersucht; nur Thorium, Jodat, Wolframat und Permanganat stiiren 
in tausendfachem molarem UberschuD. 0,1-0,Ol ppm Silber kann 
such ohne Stiirung von irgendeinem Ion in wtiriger Lbsung bestimmt 
werden, wenn es vorher als Di-n-butylammoniumsalicylat in Methyl- 
isobutylketon extrahiert wird. Der Extrakt wird direkt zur Absorp- 
tionsmessung in die Flamme gegeben. Es wird gezeigt, da13 die 
Verbesserung durch das Lijsungsmittel im wesentlichen auf besserer 
Zerstaubung als in widriger LSsung beruht. 

R&m&-On dose l’argent en solution aqueuse, entre 1 et 10 ppm, par 
spectroscopic d’absorption atomique directe, dans une flamme air/pro- 
pane, 11 3281 A. On examine de nombreuses interferences possibles; 
seuls, le thorium, l’iodate, le tungstate et le permanganate interferent, 
lorsqu’ils sont presents a une concentration molarie 1000 fois plus 
importante. On peut aussi doser l’argent sans interf6rence d’aucun 
ion comm, en solution aqueous, de 0,l jusqu’a 0,Ol ppm apres 
extraction de l’argent, sous forme de di-n-butyl-ammonium salicylate, 
par la methyl isobutyl &one. L’extrait est soumis directement a 
l’absorptiometrie dans la flamme. On montre que l’efl’et d’exaltation 
du solvant est dii principalement a un accroissement de l’atomisation, 
par rapport a la solution aqueuse. 
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SHORT COMMUNICATIONS 

Absorptiometric study of ammonium aurintricarboxylate as a reagent for palladium” 

(Received 24 December 1963. Accepted 29 March 1964) 

INTRODUCTION 

AMMONIUM aurintricarboxylate (Aluminon, AAC) has been used extensively as a chromogenic reagent 
and as a metallochromic indicator for metal ions. In earlier papers from these laboratories, metal 
chelates of AAC with copper, iron, uranyl, thorium and beryllium have been described and their use 
in calorimetric analysis has been suggested.1-6 

Many colour reactions and photometric methods are available for the determination of pal- 
ladium.6-11 In the present work the photometric determination of palladium” and the properties of 
the Aluminon chelate formed have been examined. This reagent has a greater sensitivity than 
several others and is more tolerant of foreign metals, especially those of the platinum group. 

EXPERIMENTAL 

Reagents 

Standard palladium solution: Prepared by dissolving an accurately weighed amount of Johnson 
Matthey’s Specpure palladium rr chloride in hydrochloric acid. 

Aluminon solution: Prepared by dissolving a pure preparation of the reagent (B.D.H. Indicator) 
in water. 

Apparatus 

A Unicam SP 500 spectrophotometer was used for absorbance measurements. For calorimetric 
measurements, a Klett-Summerson photoelectric calorimeter (test-tube model) was used. The pH 
was measured with a Leeds and Northrup line-operated pH meter. 

Conditions of study 

All experiments were performed at 25”. The total volume of the mixtures prepared for the 
measurements was 25 ml, and the pH was adjusted to 4.0 by the addition of sodium hydroxide or 
hvdrochloric acid. The ionic strength of the svstem was maintained at O*lMwith sodium nerchlorate. 

’ PalladiumI’ reacts with AACYat pH 4d (A,., 520 mp), giving an ,intense violet &our (n,., 
560 mp). At relatively high concentrations of palladium and AAC a flocculent precipitate separates 
out. The colour intensity is stable for at least 72 hr. The ratio Pd:AAC is 1:2 by the continuous 
variation method (Fig. 1) and also by the slope ratio and mole ratio methods. 

E&t of pH on chelate 

The chelate is stable between pH 3.5 and 6.0, as shown by the constancy of &,x within this 
range. However, the absorbance is constant only between pH 3.8 and 5.5. 

Effect of temperature on colour intensity of chelate 

The intensity of the colour increases with rise in temperature and decreases when the temperature 
is lowered. This increase in colour intensity may be attributed to AAC, whose own colour intensity 
increases with temperature. The colour intensity of the complex, however, remains constant for a 
considerable length of time at any given temperature and the readings are reproducible. 

Conformity to Beer’s law 

Beer’s law is obeyed over the range 0.14-7-7 ppm of palladium. 

13 1265 
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FIG. 1 .-Determination of composition of complex by the method of continuous 
variation at 560 rnp (pH 40; p O.lM) 

Concentrations of the interactants (equimolecular) 
A: 3.33 x lo-“M 
B: 250 x 10-PM 
C: 1.67 x 10-4M 

Sensitivity 

The sensitivity of the colour is 0.026 pg. cm-* for log IO/I = 0001. 
measurement is 1.0-5.0 ppm of palladium. 

The range of most accurate 

Eflect of diverse ions 

Various ions were tested for their influence on the colour reaction. Ferr, Fe”‘, Curr, Crrrr, 
Rerr, Zrrv, Thrv, Garrr, InrrI, Gerv, AIII1, Ca”, MgIr and UO,rr interfere in all concentrations; 
common anions, like sulphate, nitrate, chloride, bromide, acetam, etc., do not interfere in large 
excess. Diverse ions were added to the solutions containing 426 ppm of palladium and the colour 
was developed by adding a 3-fold concentration of AAC. The tolerance limits for the various foreign 
ions were taken as those concentrations which affects the absorbance by less than f2 %. The results 
are summarised in Table I. 

Evaluation of equilibrium constant 

In this procedure the equilibrium constant for the reaction Pd”+ + 2H,R + Pd(H,_,R), + 2nH+ 
is defined as 

K = D’W-LJW 
PW-k,N ’ 

The effect of dissociation of the reagent is ignored, and to obtain the usual equilibrium constant 
this one must be. multiplied by [HIP”. 

log K (K = equilibrium constant at pH 4.0, O.lM ionic strength and 25”) for the reaction was 
determined by the method of Dey et aZ.,lsa as well as by the mole ratio method, and the values were 
found to be 9.8 and 9.6, respectively. 
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TABLE I.-EFFECT OF DIVERSE IONS ON THE COLOUR INTENSITY 
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Concentration of palladium chloride = 4.00 x 1O-sM 
Concentration of AAC = 1.33 x lo-sit4 
pH of the mixtures = 4.0 f 0.2 

Klett filter No. 54 used 

Foreign ion Added as 
Tolerance limit, 

PPm 

Nirt 
Co” 
RutI 
Rh”’ 
(-JsVIII 

19 
Ptrv 
Au’= 

NiSOl 
Co(NG,), 
R&l, 
RhCIS 
oso* 
IrCl, 
K&WI, 
AuCl, 

20 
58 
50 
25 
15 
60 
20 
40 

Recommended procedure for the determination of palladium 

The use of AAC as a reagent for the calorimetric determination of palladiumtr, when present 
alone in minute quantities, may be recommended. The solution should be suitably diluted or con- 
centrated so as to contain l-5 ppm of palladium. Introduce a 4-fold excess of freshly prepared 
AAC solution and maintain at constant temperature for 0.5 hr for the development and equilibration 
of colour. The pH should be adjusted to 4.5. The colour intensity may then be measured either 
with a calorimeter using a suitable filter (Klett No. 54) or a spectrophotometer at 56Om,~, and 
compared with a calibration curve prepared under the same conditions. 
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Summary-A new calorimetric method for the determination of 
bivalent palladium with ammonium aurintricarboxylate (Aluminon) 
is described. The method involves the formation of a violet chelate 
of palladium-Al&on at pH 40. The colour reaction has a sensitivity 
of @026 pg. cm-2 for log IO/I = 0901, and obeys Beer’s law over the 
range 0.14-7.7 ppm of palladium. The effects of pH, time, order 
of addition of the reagents, temperature, and diverse ions have been 
investigated, and a procedure for the microdetermination of palladium 
is described. The composition of the complex has been contirmed by 
three different methods as 1:2 (metal:reagent), and an equilibrium 
constant of 1O0*8 was found by the method of Dey et al. at pH 4.0, 
temperature 25” and ionic strength O.lM. 

Zusammenfassung-Eine neue kolorimetrische Methode zur Restim- 
mung von zweiwertigem Palladium mit Ammonium-aurintricarboxylat 
(Aluminon) wird beschrieben. Rei pH 4,0 bildet sich ein violettes 
Palladium-Aluminon-Chelat. Die Farbreaktion hat eine Empfindlich- 
keit von 0,026 ,ug. cm-2 fiir log I,,/1 = 0,001, und das Reersche Gesetz 
wird zwischen 0,14 und 7,7 ppm Palladium bcfolgt. Der Einlluh von 
pH, Z&t, Reihenfolge der Zugabe der Reagentien, Temperatur und 
verschiedenen Fremdionen wurde studiert und eine allgemein an- 
wendbare Arbeitsvorschrift fur die Mikrobestimmung von Palladium 
mit Aluminon beschrieben. Die Zusammensetzung des Komplexes 
wurde mit den drei iiblichen Methoden als 1:2 (Metall:Reagens) 
ermittelt; die nach der Methode von Dey et al. berechnete Sta- 
bilitatskonstante ist lOas bei pH 4,0, 25°C und der Ionenstarke 0,l. 
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R&sum&Gn d&it une nouvelle m&ode colorimetrique de dosage 
du palladium bivalent au moyen d’aurinetricarboxylate d’ammonium 
(Aluminon). La m&ode met en jeu la formation d’un chblate 
palladium-Aluminon, color6 en violet, a pH 4,0. La reaction color& 
a une sensibiite de 0,026 pg. cm-* pour log I,/1 = 0,001, et obeit a 
la loi de Beer entre 0,14 et 7,7 ppm de palladium. Lcs effets du pH, 
du temps, de l’ordre d’addition des reactifs, de la tem@ature, et 
de divers ions ont ete etudies, et on d&it une methode g&r&ale de 
microdosage du palladium. La composition 1:2 (m&al:r&ctif) du 
complexe a’& co&irmec par trois m&odes differentes et la u&ante 
de stabilite loo,* a pH 4,0, a la temperature de 25°C et a la force 
ionique 0,l M, a 6tb calcuRe par la mdthode de Dey et ~011. 
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Direct titration of iron(III) with disodium diaminocyclohexanetetra-acetate 

(Received 2 April 1964. Accepted 29 May 1964) 

NUMEROUS methods have been proposed for the direct titration of iron with disodium ethylenediamine- 
tetra-acetate (EDTA). In most cases, Tiron, salicylic acid, sulphosalicylic acid or thiocyanate ion is 
used as the indicator. Each of these indicators has certain advantages and disadvantages. For 
example, Tiron gives an easily distinguishable end-point, but an exceptionally large concentration 
of the indicator is needed.8~10 The end-point using thiocyanate indicator is sharp (and can be improved 
by extraction of the iron-thiocyanate complex into organic solvents),*~B but the competitive effect 
of thiocyanate ion leads to variable results for iron. B Chrome Azurol S also gives a good end-point, 
but in this case the titration results are always high by 0.5 % or more.’ Sulphosalicylic acid does not 
give a satisfactory colour change in the titration of milligram-amounts of iron.& Variamine Blue B 
is also a good indicator, but it cannot be used in the presence of trace amounts of copper.6 

The best indicators for iron are those that show a large difference in the colour of the free and 
complexed forms, because the indicator transition must be seen over the yellow background colour 
of the iron(II1) complex. A preliminary investigation of common indicators showed that screened 
thiocyanate and Chrome Azurol S gave the sharpest end-points in the titration of milligram-amounts 
of iron. Therefore, these two indicators were chosen for the examination of the titration of iron with 
disodium 1,2-diaminocyclohexanetetra-acetate (DCTA). 

One would expect better results for titrations of iron in acid solutions using DCTA instead of 
EDTA because of a larger conditional constant for the iron-DCTA complex. PiibiP has reported 
that iron can be determined by titration with DCTA, but no indication of either the precision or 
accuracy of the method is given. Clearly, a more detailed investigation was necessary to show that 
the direct titration with DCTA gives reliable results. The purpose of this paper is to report on the 
precision and accuracy of the direct titration using screened thiocyanate and Chrome Axurol S as 
indicators. In addition, the interference of small amounts of some metals (aluminium, cobalt, nickel, 
manganese and copper) has been examined. 
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Reagents 
EXPERIMENTAL 

Disodium 1,2-diaminocyclohexanetetra-acetate (DCTA). Obtained from Hach Chemical Co. and 
purified by treatment of a boiling solution of the salt with activated charcoal. 

Zron(ZZZ) solutions. Preparti both from electrolytic iron (G. F. Smith) and reagent grade iron(III) 
chloride (Baker and Adamson, 995 % min. assay). Iron solutions used in the thiocyanate method 
were prepared from electrolytic iron using only a very slight excess of perchloric acid. The dissolution 
was accomplished by using dilute perchloric acid and heating gently over a steam plate. Vigorous 
heating led to the formation of an intractable red residue. This problem is not encountered if a 
large e’xcess of perchloric acid is used. 

Erio Green. Used as the screening agent and incorporated into the DCTA titrant. A sufficient 
amount of the dye (G. F. Smith Co.) was present to give an absorbance of 050 at 575 rnp using a 
l-cm cell. 

Chrome Azurol S. Obtained from Hach Chemical Co. and used without further purification. 

In titrations using the thiocyanate end-point, the iron sample was mixed with the thiocyanate 
solution at an acid pH (ca. 2.6), then the mixture diluted with water to pH 3.1-3.3. Attempts to 
neutralise very acidic iron solutions with dilute base solutions inevitably led to low results. This is 
believed to be caused by the formation of hydroxy complexes in regions where local excess of base 
is established when the base is added dropwise. Titration with DCTA is continued until the solution 
becomes bright green. By incorporation of the screening agent into the titrant, the concentration 
of Erio Green remains constant relative to the iron content, and the colour change is less variable 
with iron content. 

The titration of iron using Chrome Azurol S presents no particular difficulties. The pH of the 
sample solution is adjusted to 1.3-2.0 with perchloric acid and the solution heated to 60-70”. One 
drop of 0.3 % indicator is added and the titrant added until the violet wlour changes to green. Four 
or five more drops of indicator are added, and the titration continued until the solution is bright 
yellow-orange. It is helpful to have some estimate of the iron content, because it is possible to add 
the bulk of the titrant before heating, and thus the solution is in the proper temperature range when 
the end-point is approached. 

RESULTS 
Thiocyanate ion indicator 

The work first centered around the effect of indicator concentration on the titration results. This 
was of interest in that the titration with EDTA shows a large variability with thiocyanate concentra- 
tion.6 On the basis of the difference in conditional constants for the formation of EDTA and DCTA 
complexes of iron, one would expect the best results at pH 3. At pH 3.5 or higher, the hydrolysis of 
iron would lead to unsatisfactory results. 

TABLEI.-VARIATIONOFTITRATIONRESULTSWITHTHIOCYANATE 
CONTENT' 

SCN-, M 
0*02M 

DCTA used,b ml 
Standard 

deviation, ml 

0.01 11.47 0.02 
0.02 11.47 0.02 
0.04 11.47 0.02 
0.10 11.48 0.02 
0.20 11.47 0.02 

a Each entry is the average of 6 analyses; initial pH 
3.2-3.1. 

b Iron(III) sample taken in each case is 10.02 ml and 
calculated amount of DCTA required is 11.47 ml. 

Tables I and II summarise the results of titrations at an initial pH of 3-l-3.2. The titration is 
essentially independent. of the concentration of thiocyanate, at lea& over the concentration range 
studied. and indenendent of the iron wncentration over the range 0.1-0.3 mmole of iron/lOO-ml 
sample: When a*wrrection was applied for the known amount%f iron(H) in the iron stock 
solution, the amount of iron taken for analysis and that found agreed to within 0.1%. The determina- 
tion of iron using thiocyanate indicator is dependent upon the initial pH of the solution, and is 
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TABLE IL-VARIATION OF TM'RATIoN RESULTS WITH AMOUNT OF 

IRON AT CONSTANT THIOCYANATE CONCENTRATION OF 094M* 

0*02&f Fe taken, 02OM Standard 
ml DCTA used,* ml deviation, ml 

5*00 571 0.01 
1000 11.45 0.02 
1500 17.18 0.01 

= Each entry is the average of 6 analyses. 
* Calculated DCTA required is 11.45 ml/lO.~ml iron 

sampIe. 

stoichiometric only above pN 3. Attempts to use buffers always led to low results because of complex 
formation of the buffer with iron(II1) ion. This use of a buffer undoubtedly accounts for some of the 
variability of results obtained by Lydersen and Gjems. B Under the controlled conditions employed 
above, the pH change upon titration is not sufhciently large to give appreciable errors and it is not 
necessary to employ a buffer system. Although the method is capable of good accuracy, it is ex- 
ceedingly di&ult (in practice) to free the iron sample from excess acid and thus this aspect severely 
limits its use. 

Chrome Azurol S indicator 

In view of the results of the thiocyanate titrations, it was certain that titration with DCTA in the 
pH region 2-3 would be much more precise and accurate than that with EDTA. Hence, work was 
concentrated on titrations with DCTA at the lowest possible pH where good results could be obtained. 
reliant experiments indicated that this lower limit is about pH 1.25. 

Table III summa&es the results of the titration of iron with O*OlM DCTA. In each case, the 
sample was taken to fumes before titration to oxidise any residual iron( The agreement with 
the known amount of iron taken for analysis shows that the direct method gives very good results. 

TABLE III.-DIRECT AND INDIRECT TITRATION 

OFIRONWITH DCTA AT pH 1.25-1.50 US&G 
~I~5-~OLESA~L~ 

Titrant required,* ml 

Direct 

10.66 
10.67 
1064 
10.65 
10.66 

Indirect 

10.67 
10.66 
10.67 
10.64 

Average 10.66 10.66 

Fe found, 
mmoie O-1004 0.1004 

Q 0.009421 M DCTA. 

The relative standard deviation for both titration methods is the same. Table IV shows the results 
that are obtained with 0.02M DCTA over a range of iron contents. It was found that the maximum 
amount of iron that can be determined with Chrome Azurol S indicator is approximately 1 mmole/ 
1OOml sample volume because of the interfering colour of the iron-DCTA complex. 

The most interesting results were those for titrations in the presence of other metal ions. In 
contrast to the observation of Musil and Theis,’ ~lli~rn-boots of aides react with Chrome 
Azurol S to give a violet colour at pH l-3, which obscures the end-point for the iron titration. At 
pH 3 the molar extinction coefficient is about 30,000. Milligram-amounts of copper and nickel inter- 

fere in the titration, as would be expected from the values of the alpha function ( 
free metal ion 

total metrl 1 
for these elements.* Manganese would not be expected to interfere, but the addition of 004 mmole 
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TABLEIV.-DIRR~TTITRATIONOPIRON AT pH 1~25-150~1r~0~01959MDCTA 

Average DCTA 
Fe taken, ml required, ml 

5.00 4.8@ 
10.00 9.e 
15.00 14.400 
20.00 19.2@ 
25.00 23.98b 
50.00 47.960 

a Average of 4 analyses. 
b Average of 6 analyses. 

Standard Relative standard 
deviation, ml deviation, ppt 

0.006 1.3 
0.016 1.7 
0.009 0.6 
0.006 0.3 
0.022 0.9 
0.033 0.7 

of manganese to 0.1 mmole of iron(II1) led to results that were 0.3 ‘A low. The cause of the interference 
by manganese could not be ascertained. No interference was observed for small amounts of cobalt(I1). 
The addition of chloride ion as hydrochloric acid has no effect on the iron determination as long as 
the pH is greater than 1.3. Chloride ion added as sodium chloride has no effect on the titration at 
0.1M levels. Table V shows that an increase in the ionic strength by addition of sodium nitrate does 
not lead to an appreciable change in stoichiometry. 

TABLE V.-EFFECT OF ADDITION OF SODIUM 
NITRATE ON TITRATION OFIRON WITH DCTA 

AT pH 1.25-l-35 

0.009421M DCTA 
NaNO*, M required, ml 

OGOO 10.66 
0.040 10.67 
0.080 10.65 
0.20 10.62 
040 10.63 

0.1005 mmole of iron taken in each case. 

The end-point transition using Chrome Azurol S is much more easily determined than that of 
thiocyanate ion or sulphosalicylic acid. This and the fact that the conditions for use of the thiocyanate 
indicator are so restrictive, makes Chrome Azurol S the preferred indicator for the direct titration 
of iron. 

In view of (1) the simplicity of the direct method using Chrome Azurol S, (2) the superior accuracy 
compared to the direct EDTA titration, and (3) a precision that is comparable to one of the best 
indirect titration methods, the direct titration of iron with DCTA is highly recommended. 

Department of Chemistry L. W. MARPLE 
Iowa State University 
Ames, Zowa, U.S.A. 

Smnmary-The direct titration of iron(II1) with disodium 1 ,Zdiamino- 
cyclohexanetetra-acetate using thiocyanate ion and Chrome Azurol S 
as indicators has been studied in detail. Good results can be obtained 
with thiocyanate indicator if the pH of the iron(II1) solution is adjusted 
to 3.0-3-2 by simple dilution. The addition of a buffer or a dilute 
solution of a strong base to adjust the pH to the desired range always 
leads to low results. Chrome Azurol S is the preferred indicator 
because the colour transition is much more distinct and because 
titrations are possible in relatively acid solutions (pH 1.25). Up to 
50 mg of iron/K@-ml sample may be determined with a relative 
standard deviation of only 2 parts per thousand. 

Zusammenfassnng-Die direkte Titration von Eisen(II1) mit Dinatrium- 
cyclohexadiamintetraacetat mit Rhodanid und Chromazurol S als 
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Indikatoren wurde in ihren Einzelheiten studier%. Gute Ergebnisse 
mit Rhodanid ertilt man, wenn man durch einfache Verdiinnung den 
pH der Eisenlosung auf 3.0-3.2 einstellt. Zugabe eines PulTers oder 
einer verdthmten Liisung einer starken Base zur pH-Einstellung gibt 
stets zu niedrige Ergebnisse. Chromazurol S ist als Indikator vorzu- 
ziehen, da der Farbumschlag sch8rfer ist und Titrationen in ziemlich 
sauren Lasungen (pH 1.29) mliglich sind. Bis 50 mg Eisen in 100 ml 
Probe lassen sich mit einer relativen Standardabweichung von nur 
2% bestimmen. 

R&nm&--On a ttudie en detail le dosage direct de l’ion ferrique au 
moyen de cyclohexanediamine tttrac&ate disodique en utilisant, 
comme indicateurs, l’ion thiocyanate et le Chrome Azurol S. On peut 
obtenir de bons resultats avec l’indicateur au thiocyanate si le pH de 
la solution ferrique est ajuste entre 3.0 et 3.2 par simple dilution. 
L’addition dun tampon ou dune solution diluee de base forte pour 
ajuster le pH dans la zone d&n% conduit toujours a des r&hats 
faibles. On pr6fere l’indicateur Chrome Azurol S, car le virage de 
couleur est beaucoup plus net, et les dosages sont possibles en solutions 
relativement acides (pH 1.25). On peut doser jusqu’a 50 milligrammes 
de fer dans un echantillon de 100 millilitres. avec un &art tvoe relatif 
de deux pour mille seulement. 

REFERENCES 

’ J. Bond and T. I. Jones, Trans. Faraday Sot., 1959,55, 1310. 
a L. T. Butt and N. Strafford, Analyt. Chim. Acta, 1955,12, 124. 
s K. L. Cheng, R. H. Bray and T. Kurtz, Analyt. Chem., 1953,25, 347. 
* H. Flaschka, Mikrochim. Acta, 1952, 38. 
6 Idem, ibid., 1954, 361. 
6 D. Lydersen and 0. Gjems, Z. analyt. Chem., 1953,138,249. 
‘I A. Musil and M. Theis, ibid., 1955, 144, 351. 
8 R. Pfibil, Coll. Czech. Chem. Comm., 1955, 20, 162. 
D A. Ringbom, Complexation in Analytical Chemistry. Interscience Publishers, New York, 1963, 

p. 355. 
lo G. Schwarzenbach and A. Willi, Helv. Chim. Acta, 1951, 34, 528. 

The preparation of cerium-IV hydroxide from ammonium hexa-nitratocerate by 
employing kinetically controlled precipitation through urea hydrolysis 

(Received 28 April 1964. Accepted 22 May 1964) 

THE recovery of pure cerium-IV chemicals from thorium-freedmonazitecerium-thoriumsandsinvolves 
the isolation of the cerium from the remaining rare earths by conversion to ammonium nitratocerate 
(NH,)pCe(N08)~.1 A practical cerium-IV reagent which can be converted to sulphatoceric acid, 
H,Ce(SO,),, in sulphuric acid solution, for use as a standard&d titrant, has previously been de 
s~ribed.~ The procedure involves the precipitation of Ce(OH), by addition of a saturated aqueous 
solution of pure ammonium nitratocerate to a large excess of aqueous ammonia, followed by fil- 
tration of insoluble Ce(OH),, and washing this with water to eliminate ammonium salts. 
cess the hydroxide is soluble in hot dilute sulphuric acid. 

By this pro- 
If thii Ce(OH), is air dried, it forms a horny 

solid which must be ground to pass a lOO-mesh sieve. The procedure here described for producing 
Ce(OH), by kinetically controlled precipitation, employing urea, offers a much more practical prep- 
aration of ceric hydroxide, and avoids the difficult drying and grinding operation previously required. 

Procedure 

Add 1 pound of pure ammonium nitratocerate to a solution containing 1 pound of urea and 
10 ml of concentrated nitric acid in a volume of 600 ml, in a 2OOO-ml covered Pyrex beaker, at boiling 
temperature. The resulting solution is dark red in colour and crystal clear. 
briskly, adding water to replace that lost as vapour. 

Keep the solution boiling 



1272 Short communications 

Indikatoren wurde in ihren Einzelheiten studier%. Gute Ergebnisse 
mit Rhodanid ertilt man, wenn man durch einfache Verdiinnung den 
pH der Eisenlosung auf 3.0-3.2 einstellt. Zugabe eines PulTers oder 
einer verdthmten Liisung einer starken Base zur pH-Einstellung gibt 
stets zu niedrige Ergebnisse. Chromazurol S ist als Indikator vorzu- 
ziehen, da der Farbumschlag sch8rfer ist und Titrationen in ziemlich 
sauren Lasungen (pH 1.29) mliglich sind. Bis 50 mg Eisen in 100 ml 
Probe lassen sich mit einer relativen Standardabweichung von nur 
2% bestimmen. 

R&nm&--On a ttudie en detail le dosage direct de l’ion ferrique au 
moyen de cyclohexanediamine tttrac&ate disodique en utilisant, 
comme indicateurs, l’ion thiocyanate et le Chrome Azurol S. On peut 
obtenir de bons resultats avec l’indicateur au thiocyanate si le pH de 
la solution ferrique est ajuste entre 3.0 et 3.2 par simple dilution. 
L’addition dun tampon ou dune solution diluee de base forte pour 
ajuster le pH dans la zone d&n% conduit toujours a des r&hats 
faibles. On pr6fere l’indicateur Chrome Azurol S, car le virage de 
couleur est beaucoup plus net, et les dosages sont possibles en solutions 
relativement acides (pH 1.25). On peut doser jusqu’a 50 milligrammes 
de fer dans un echantillon de 100 millilitres. avec un &art tvoe relatif 
de deux pour mille seulement. 
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solution of pure ammonium nitratocerate to a large excess of aqueous ammonia, followed by fil- 
tration of insoluble Ce(OH),, and washing this with water to eliminate ammonium salts. 
cess the hydroxide is soluble in hot dilute sulphuric acid. 

By this pro- 
If thii Ce(OH), is air dried, it forms a horny 

solid which must be ground to pass a lOO-mesh sieve. The procedure here described for producing 
Ce(OH), by kinetically controlled precipitation, employing urea, offers a much more practical prep- 
aration of ceric hydroxide, and avoids the difficult drying and grinding operation previously required. 

Procedure 

Add 1 pound of pure ammonium nitratocerate to a solution containing 1 pound of urea and 
10 ml of concentrated nitric acid in a volume of 600 ml, in a 2OOO-ml covered Pyrex beaker, at boiling 
temperature. The resulting solution is dark red in colour and crystal clear. 
briskly, adding water to replace that lost as vapour. 

Keep the solution boiling 
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The boiling temperature after 30 min is approximately 110” and the colour of the solution is 
beginning to decrease. At 40 min the colour is dark orange; foaming to the extent of 25 mm results 
from the evolution of carbon dioxide from the urea breakdown. At 45 min precipitation begins, the 
precipitate being orange in colour. At 60 min the precipitate is lemon yellow and the solution 
temperature is 112”. At 75 min the precipitate is still lemon yellow, and foam is still being produced. 
At 90 min the reaction is complete, the solution is colourless, and the precipitate is grey-white. 

Allow the reaction mixture to cool, and transfer the solution and precipitate to two polyethylene 
widenecked 250-ml bottles with screw caps. Place the bottles in a pair of centrifuge trunion cups, 
and separate the precipitate from the parent solution by 5 min rotation at 1500 rpm and 250 mm 
displacement from the centre of rotation. (Trunion cups #844 of a No. 2 International Instrument 
Company centrifuge may be employed.) Pour off supematant solution (pH approximately 12), add 
150 ml of water to each bottle, stir well and repeat this centrifugal separation 5 or 6 times until the 
washings no longer five an ammonia test. 

TraEsfer the&(&I), thus prepared to a sheet of polyethylene and spread it out in a thin layer. 
The uroduct air-dries in a few hours to eive a finelv divided nulverulent Droduct. The vield is theo- 
ret&l (approximately 37.95 % of the wiight of heianitratockrate taken is raw mate&l). 

The finished product is readily soluble in hot dilute sulphuric acid to give a crystal clear solution 
that is stable on storage, and that may be heated to boiling without decomposition. It is not soluble 
in cold concentrated nitric or perchloric acid except after extremely long periods of storage. 

Noyes Chemical Laboratories G. FREDERICK SMITH 
University of Illinois 
Urbana, Illinois, U.S.A. 

Summary-The preparation of cerium-IV hydroxide by kinetically 
controlled precipitation through use of the hydrolysis of urea and its 
reaction with ammonium hexanitratocerate is described. T’he air-dried 
product thus obtained is of fine-mesh particle size and is readily soluble 
in hot dilute sulphuric acid to form solutions of sulphatoceric acid, 
H,Ce(SO& for oxidimetric titrations. 

Zusammenfassung-Die Darstellung von Cerhydroxyd durch kinetisch 
kontrollierte F%llung mittels Dissoziation von Harnstoff und Reaktion 
mit Ammoniumnitratocerat wird beschrieben. Das so erhaltene 
Produkt ist nach Trocknung an der Luft sehr feinkijmig und leicht 
in heiDer verdiinnter Schwefels&ure liislich, wobei sich als titrimetrisches 
Oxydationsmittel geeignete Liisungen von Sulfatocers%ure H,Ce(SO,), 
bilden. 

R&um&-On d&it la prkparation de l’hydroxyde ckrique par prkip- 
itation contrMe cinktiquement, en utilisant l’hydrolyse de l’urke et la 
tiaction avec l’hexanitratoc&ate d’ammonium. Le produit ainsi 
obtenu, s&chB a l’air, se pr&ente en particules fines et est aiskment 
soluble en acide sulfurique dilut chaud, formant des solutions d’acide 
sulfato&ique H,Ce(SOJ,; 
pour titrages. 

celles-ci sont utilisees comme oxydant 
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LETTER TO THE EDITOR 

“Deionised” or “deioned”? 

In past years, the terms “deionisation” (of water, hydrogen peroxide, etc.) and “deionised” 
(of water, etc.)‘-’ have occurred widely in world scientific literature in connection with the extensive 
use of ion-exchangers in science and industry (in particular for ion-exchange water purification). 

In our opinion, these expressions are not well chosen for the following reasons. In fact, the 
term “ionisation of water” has meant the following quite definite equilibrium for a long time: 

H,O + H+ + OH- (1) 

Thus, the term “deionisation of water” denies ionisation, i.e., denies process (l), which is incorrect: 
in reality, “extraction of ions” should be implied, i.e., the removal of ionic impurities (e.g., heavy 
metals) from water or hydrogen peroxide in the course of the ion-exchange purification of these 
substances. 

This specific error occurs in the scientific literature of many languages, among them English 
(deionisation, deionised), German (Entionisierung, Deionisierung, entionisiertes), French (de[s]ioni- 
sation, deionise), Russian (neaonusaunrr, ~euonusuponannr.tZt), and also in Hungarian, Dutch, 
Spanish, Italian, Ukrainian, Czech, Swedish, and others. In addition to this, in English scientific 
literature, widespread synonyms used are “desalting”, “demineralisation” (of water, em.), “ion- 
exchange water “, “demineralised water”, etc .I Similar variations in this respect are observed in other 
languages. 

It would seem more appropriate to use the expressions “deionation” and “deioned”, which are 
shorter, and-an important point!-they express the crux of the matter more clearly and precisely. 
Analogous simplifications and more accurate definitions of these terms could easily be devised for 
other languages, and as a result of it we would find in the German language “Entionierung” and 
“entioniertes”, in Russian “~enonuponanne” and “~euounponann~i” (c$“), in Ukrainian 
“~eionysanun” and “~eionosanni”, in French “de(s)ionation”and “d&on&“, in Czech “deionace”, 
and “deionovanf’, in Swedish “avjonerat” and “avjonering”, etc. 

Surely the main thing of everything of this suggestion is not so much in the rejecting of these two 
unnecessary letters -is-, to which we have already become accustomed, as in terminological precision. 
But for precision and accuracy: Amicus Plato, sed magis amica veritas! 

Acknowledgement-Many thanks are due to my friends Dr. A. A. Bugayevsky for his interest and 
helpful criticism, and Mrs. H. G. Klausnitzer for the English translation. 

Department of Analytical Chemistry 
A. M. Gorky ZUtarkov State University 
Ukraine, U.S.S.R. 

18 March 1964. 

RUDOLPH ALEXANDER GEITZ 
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Summary_--A review of radiometrlc titrations is presented. 

1. Introduction. 
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1. INTRODUCTION 

THE present paper aims at surveying the basis, the possibilities in, and the present 
state of radiometric titrations. Nearly all the papers published in this field from 
1941, when this method was first developed, to the end of 1963 have been covered. 

To the best of our knowledge, no review paper on this subject has so far been 
published in the literature. However, radiometric methods in general, and the 
general analytical applications of radioactive isotopes, have been discussed in quite 
a large number of reviews. In these only relatively small space has been devoted 
to radiometric titrations, and the descriptions have mainly been limited to an in- 
complete survey of earlier communications. 

In the present review, several papers published in less readily available journals, 
or not available at all, have been covered in a relatively detailed manner. An attempt 
has been made by the present authors to discuss in a reasonably homogeneous form 
these less-known papers and the other better known material. This should facilitate 
the spread and further development of the method. 

2. END-POINT DETERMINATION BY RADIOMETRY 

In the course of a radiometric titration, in order to determine the end-point, the 
radioactivity of the solution is chosen as the “property” which is followed. Under 
identical conditions of measurement, changes in radioactivity are proportional to 
the concentration of the labelled component. Thus, on plotting the changes in the 
radioactivity of some of the reactants or reaction products during the titration 
against the quantity of titrant added, the end-point is indicated by the point of 
intersection of two straight lines on the titration curve. 

Measurement of the radioactivity of substances, as a “property” followed during 
titration, can be carried out with an extreme accuracy, reliability and sensitivity, 
using a Geiger-Mtiller (GM) tube or one of the scintillation methods described in the 
literature. This procedure offers the particular advantage that, quite in contrast with 
other instrumental methods of end-point indication, the magnitude of the property 
being measured can be altered as desired, even when titrating extremely low concen- 
trations. This is because the magnitude is determined exclusively by the specific 
activity of the radioactive isotope used for labelling. 

Another important advantage of the method is the possibility of its easy auto- 
mation. The technique of measuring radioactivity has been so far developed in other, 
non-analytical aspects to such an extent that the knowledge can also be applied in 
the case of radioanalytical methods without any difficulty. Although there are still 
only relatively few results in this field, in our opinion the process of automation 
would appear to represent one of the main trends in the development of radiometric 
titrations in the future. 

In addition, it should be mentioned that end-point determination by radiometry 
can also be applied, without any further modification, in coloured, turbid or corroding 
media, because the actual measurement of radioactivity is not affected by these 
conditions. 

3. “PHASE SEPARATION” AND ITS IMPORTANCE IN 

RADIOMETRIC TITRATION 

As already mentioned, changes in the radioactivity of one of the reactants or 
reaction products are followed during radiometric titrations. This necessitates that 
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the radioactivity of the component being followed should be measured “alone”, 
i.e., separated from that of the other partners of the system. This is one of the central 
problems in radiometric titrations. In effect, of all the reaction types applied in 
titrimetric analysis, the separation of phases only occurs in the case of titrations 
based on precipitate formation; in the case of other reaction types, separation can 
only be carried out using some auxiliary method or process. 

On account of the great importance of phase separation, it will be discussed in 
detail in the present review, and the description of the various possibilities available 
in this respect will form a fundamental part of the discussion. 

Phase separation is closely correlated with another problem in radiometric titration 
of equal importance-the continuity of the course of a titration. This must be par- 
ticularly emphasised because, in order to evolve a suitable method of titration, not 
only must a reasonable possibility of phase separation exist, but the method chosen 
must be suitable for the application of continuous separation instead of merely 
batchwise operation. 

4. RADIOMETRIC TITRATION BASED ON PRECIPITATION 

Many reactions based on precipitation are known, apart from those applied in 
neutralisation analysis. However, with the exception of argentometric and mercuri- 
metric titrations, reactions based on precipitate formation are rarely used in titrimetry. 
This is a direct result of the lack of adequate visual or instrumental methods of 
end-point indication. 

The significance of radiometric titrations consists mainly in its capability of 
indicating the end-point, even in precipitation reactions of analytical importance 
for which no adequate visual indicators are available. A pronounced disadvantage 
of visual precipitation titrations against acid-base titrations, for example, is that 
different indicators are required for nearly every reaction. In radiometric titrations, 
on the other hand, it is possible to determine several substances by only one labelled 
titrant (which at the same time also serves as an indicator). 

4. I. Mathematical analysis of titration curves 

The theoretical problems of radiometric titrations and the mathematical analysis 
of the titration curves have been discussed in detail by Duncan and Thomas,l and by 
Jesenak and TQyessy.24 

In evolving the theory of radiometric titrations based on precipitate formation, 
Jesenbk and Tblgyessy start with the analogy between these titrations and ampero- 
metric titrations.5 

On titrating a solution which contains cation A+ with a titrant containing anion 
B-, with the formation of a precipitate AB of poor solubility (with a solubility 
product L,,), according to the reaction 

A++B-+AB (1) 

the correlation between the concentration of the ion A+ and the amount of titrant 
added is expressed by the equation 

Y2 - YOU0 - cov 
v +v Y-L&3=0 
0 
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where y,, = the initial concentration of cation A+ (normality), 
y = the concentration of cation A+ during titration (normality), 
c, = the concentration of titrant referred to B- ion (normality), 
u, = the initial volume of titrant (litres), 

and o = the amount of titrant added (litres). 
If 

YOU0 - cov = 
&J + ZJ Q 

then 

Y = 3(Q + l/Q2 + 4L~n) 

Similarly, the concentration of B- ion, c, is given by the equation 

c = H-Q + d/e” + 4L_.& 

and the sum of the concentrations of the two ions, y + c, is given by 

(4) 

(5) 

Y + c = 2/Q” + 4~,, (6) 

In radiometric titrations, three types of titration curve may be obtained. The 
shape of the titration curve depends on whether the titrant itself, or the titrated 
solution, or both, are actually radioactive. 

(a) When the solution to be titrated is active and the titrant is inactive, the activity 
of the supernatant solution shows a decrease during titration proportional to the 
formation of precipitate. At the equivalence point, the actual activity of the solu- 
tion is determined by the solubility of the precipitate. 

Because the radioactivity of the solution is directly proportional to the concentra- 
tion, i.e., 

y. = k . Z, 

where Z is the activity expressed by the number of impulses per minute 

and y=k.Z 

on substitution into equation (2), the equation 

z2 - 
kZou, - cou 

Qo + 4 
Z_Ep) (7) 

is obtained. 
In Fig. 1, the theoretical titration curve described by equation (7), referred to the 

conditions specified in the figure, is shown. 
(6) When the solution to be titrated is inactive and the titrant is active, the activity 

of the solution is determined at the beginning of titration by the solubility product of 
the precipitate formed during titration, and the activity does not rise until the 
equivalence point is reached. However, on attaining this point, the activity of the 
solution increases markedly on the addition of further portions of active titrant. 

On substituting c = k . Z into equation (5), the equation 

z2 _+ YOU0 - cou z _ L,, = 0 

k(u, + 0) k2 
is obtained. 
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FIG. 1 

The titration curve described in such conditions is shown in Fig. 2. 
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FIG. 2 

(c) When both the titrated solution and the titrant are active, the activity of the 
solution decreases during titration, and subsequently rises. The equivalence point 
is determined by the minimum value of the curve. 

If 

Yo = M.0, 

Y = k,Z,, 
and c = k,Z, 

the relative activity measured during the titration will be 

(9) 

(10) 

where 

2 
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In some cases, equation (9) can be simplified: 
1. If k1 = ks = k, i.e., if the ratio of the activities of the solution to be titrated 

and of the titrant corresponds to the ratio of their con~ntrations, equation (9) can 
take the simplified form 

I= R2+F J 
ALAB 

(11) 

In-Fig. 3, the titration curve described by these conditions is presented. 

-5 6000 
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9 4000 
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8 t I f I , 

0 2 4 6 8 IO 12 14 

Vol, mL 

Fra. 3 

2. If kX is negligible compared with k2, i.e., if the activity of the titrated solution 
markedly exceeds that of the titrant, the simplifi~ form reads 

3. If, on the other hand, ks is negligible compared with kl, equation (9) can be 
simplism to 

4.2. End-point determination by extrapolation method, and simp@ed techniques 

In radiometric titrations, the correlation of the activity of the solution and the 
quantity of titrant added is plotted as a graph. The end-point is indicated by the 
break in the curve. 

The determination of the end-point with the aid of the titration curve (whose 
plotting requires 6 readings) used to last about 40-50 min. The speed of the deter- 
mination depends on the nature of the precipitate formed and on the rate of its 
sedimentation. It is also possible to detect the end-point using only 2 points on the 
titration curve. In this case, the time required for the determination is reduced to 
S-10 min.&l0 Jeseniik and Tolgyessy 2~3~11 have discussed in detail the mathematical 
analysis of end-point determination by the extrapolation method. 

(a) On titrating an active test solution with an inactive titrant, the number of ml 
required to reach the end-point (V& can be calculated by the formula 

(14) 
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where VI is the number of ml of titrant added when the activity of the solution 
decreases to Z,( V, < Vex), and I, is the initial activity of the solution (Fig. 4). 

FIG. 4 

When the number of ml of titrant added is given as a ratio related to the real 
equivalent consumption (V,), 

v1 = k . V, , 

and the relative error of the determination by the extrapolation method, 6, is given by 

6= VEyE% (1 _?A) (15) 

On titrating a radioactive test solution with an inactive titrant, the correlation of 
the concentration of the labelled ion y with other parameters of the determination 
can be derived from equation (2), using values in the literature? 

y%l + 0) - Y’yo~o + ycov - L_&o + V) = 0 (16) 

and, because the radioactivity of the labelled ion is proportional to the concentra- 
tion (y = k . I), the changes in activity can be expressed by 

I/oavoz2 + yo2vz2 - ~02v&Z + y&)z@Zv - L~rjzo2vo - LABZ02U = 0 (17) 

Because the graph of activity against the number of ml of titrant added does not 
give a straight line, the determination of the equivalence point by the extrapolation 
method is accompanied by an error which increases with an increase in the solubility 
product, LAB, of the precipitate formed, and with an increase in the ratio v/v,,. 

In order to check the validity of equation (17), Jesenak and Tiilgyessyll titrated 
Tl+ ion labelled with aoaTl using O*lN Br solution as titrant. They also calculated the 
course of the titration curves under the given conditions of titration according to equa- 
tion (17), using the following values: y. = 1O-2M-6 x 10b2M; v, = 5 x 1O-2 litre; 
co = 0.IM; IO = 103 imp./min; LTIBr= 2 x 10e6 mole2/litre2. The titration curves 
obtained in this way are shown in Fig. 5. It can be seen that the experimental results 
are in a fair accordance with the calculated values (the experimental results are’denoted 
by circles). Fig. 5 also shows the curves which connect the identical values of relative 
error of determinations by the extrapolation method, calculated using equations 
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FIG. 5 

(15) and (17). The dependence of the values of these errors on the volumes of titrant 
added and on the concentration of the test solution are shown by Fig. 6. It can 
be seen that relative errors may attain quite appreciable values. The errors did not 
show the minimum values at the ratio of Z/Z, = O-5 at which extrapolation is suggested 
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Cd IO 20 30 0 
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FIG. 6 

in the literature.’ Thus, it appears advisable in radiometric titrations to check the 
error of the extrapolation method or to evaluate the titration’ on the basis of 
equation (17). 

Because the evaluation of equation (17) is rather cumbersome, we suggest the use 
of the following method. Equation (17) can also be expressed in a dimensionless 
form with the aid of the simplexes 

VC.41 
VO 
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and of the criteria 

c=&, 
leading to the equation 

C,“(J”_t ws-J)+cc,VJcY-(l+v)=o (18) 

Serial determinations can be carried out by maintaining, during the measurements, 

FIG. I 

constant values of V and C,. In this case, equation (18) yields the correlation 

or 
C, = WP.0; (1% 

70 = G(J),,,,, = G - J’Ov,c, (20) 

the application of which to the determination of TV ions, described by adding two 
standard volumes of titrant to the test solution, is shown in Fig. 7. The exact 
concentration of the test solution can be read directly from Fig. 7. 

The error in the extrapolation method is 

b 
I-(K-J) 

= 
1-J (21) 

This method offers the advantage of maintaining co, u,, v and LAB at constant values 
in serial determinations. The value of J (J = III,) is obtained from the activity of 
the test solution and from the activity measured on the supernatant liquid after forming 
a precipitate by addition of a standard amount of titrant. Then the concentration 
of the test solution is read from the graph plotted using equation (18). 
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(b) On titrating an inactive test solution with an active titrant, the number of ml 
required to attain the equilibrium point can be calculated by the formula 

(22) 

In this case, an excess of titrant, I’,, is first added to the test solution, and the 
activity of the solution, Ir, is determined. On adding a second volume of titrant, 
L’, where k’s = V, + v, the activity of the solution, I,, is again measured (Fig. 8). 

s I= F(v) 

/ 

” "E K,VE ex Kz”, ” 

FIG. 8 

In this case, according to Fig. 8, the relative error of the determination will be 

vE - vex 

IT)= v 
4,u - m - Ml - a 

= E 1‘ - 4 

In addition, Jesenak and Tijlgyessyll evaluated the derived dimensionless equations 
using an electronic computer, type ZRA I. Thus, the course of the curve of precipitate 
formation, of the dilution curve, and of the error of the linear extrapolation was 
calculated for a wide field of varying parameters in order to follow the effect of the 
single parameters in precipitation reactions of analytical importance. 

4.3. Methods of phase separation and technique of titration 

The fundamental prerequisite for the possibility of carrying out a radiometric 
titration is the ability to separate the initial radioactive reagents from the radioactive 
reaction products. This, however, as already previously mentioned, is possible only 
in the case when the reaction products are present in a different phase from that of 
the initial substances. This condition is met in precipitation reactions where the 
reaction product precipitates from the liquid medium in a solid form, i.e., the radio- 
active indicator is converted from an aqueous phase into solid phase. In all such 
operations described in the literature, phase separation has been achieved by filtration, 
centrifuging or flotation. 

4.3.1. Filtration methods: In the simplest case, the precipitate formed on titration 
can be separated from the solution by filtration through filter paper. This method 
was used, for example, by Moeller, Terril and Seal12 to determine chloride ion in 
various waters. 
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The first apparatus applying phase separation by filtration to radiometric titration 
was designed by Langer. la This is shown in Fig. 9. On titration, after the addition of 
a certain amount of titrant, the supernatant liquid is sucked up by the suction device 

I%. 9.-Apparatus for radiometric titrations based on precipitate formation, according 
to Langer.18 

1. Titration flask 5. GM counter 
2. Suction device with filter 6. To rubber bulb 
3. Burette 7. To suction pump 
4. Stirrer 8. Rate-meter 

into the glass mantle, and the activity of su~rnatant liquid is measured by a GM 
counter. After returning this liquid to the bulk solution, another portion of titrant 
is added to the test solution, and the whole process is repeated. 

The apparatus shown in Fig. 10 was used for radiometric titrations by Sirotina 
and Alimarin.fP 

The apparatus used by Tolgyessy and SchilleP is shown in Fig. XI. 
A conventional apparatus for amperometric titration was modified and adapted 

to radiometric titration by Aylward and co-workers.@ The dropping mercury 
electrode was removed from the original apparatus, and it was replaced by a filter 
tube. 

During titration, volume changes take place, arising from the addition of titrant. 
The measured impulse values have, therefore, to be corrected for the volume change 
occurring during titration. The correction value is obtained by multiplying the 
measured impulse values by the correction factor, k’, where 
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5 

FICL l&-Apparatus for radiometric titrations based on precipitate formation, 
according to Sirotina and Alimarin? 

1. Lead mantle 
2. Glass container 
3. GM counter 

4. Glass filter 
5. Titration flask 
6. Sprayer 

fiG. Il.--Apparatus for radiometric titrations based on precipitate formation, 
according to THgyessy and Schiller:*$ 

1. Burette 5. Glass spiral 
2. Stirrer 6. GM counter 
3. Lead mantle 7. Rate meter 
4. Sprayer 8. Glass tube with glass filter 
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V, being the original volume, in ml, of the test solution and V, the number of ml 
of titrant added. 

4.3.2. Centrifuging method: A shortcoming of the filtration methods is the glass 
tube ending in a glass filter, which is frequently clogged by fine-grain precipitates. 
This drawback is, however, eliminated in the centrifuging method evolved by Koren- 
man and co-workers.17 In this method, identical amounts of the test solution are 
transferred into several centrifuge tubes, various amounts of the titrant are added, and 
the tubes are then filled up to the same volume with distilled water. The precipitate 
formed is then sedimented by ~nt~fu~n~, 0*5-l-O-ml portions of the supernatant 
liquid are transferred by a pipette to filter paper, and, after drying the paper strips, 
the radioactivity of the preparations is measured. The titration curve is plotted using 
the values obtained. The Frieseke Hoepfner Automat apparatus, type FH 49 
proved to be particularly suitable ls for rapid determinations by the centrifuging 
method. In this apparatus, the circular dry filter papers are placed in the cavity 
of the rotating sample-exchanger disc, and their activity is automatically measured. 
A titration curve is plotted on the basis of the registered values of activity. 

4.3.3. Flotation method: Flotation was used with success by Braun, Galateanu 
and Maxim1Dp20 for phase separation in radiometric precipitation titrations. On 
applying flotation, solid particles suspended in water are separated from the liquid 
by the effect of air bubbled through the system in a vigorous flow. The particles 
adhere to the inner free surface of the air bubbles which, on rising, carry the solid 
as well. In this case the system consists of three phases: gas (air bubbles), liquid 
(water) and solid (solid particles of the substance). The same circumstances are also 
present in radiometric titrations, but, the gas phase is replaced by a liquid phase 
immiscible with water (organic liquid). On stirring or shaking the system, the two 
phases are converted to an unstable emulsion of the organic compound in water. 
Because of adhesive forces, the particles of the precipitate adhere to the drops of the 
organic compound, and finally separate at the interface of the two liquids. The 
measurement of activity is easier when the labelled component is present in the 
upper phase. Because in a titration the activity of the aqueous layer is being measured, 
it is desirable to use organic compounds with a specific gravity exceeding that of water. 

4.3.4. Automation of the titration: The problem of automation of precipitation 
titrations is discussed in several papers.X*sl-zs 

Tolgyessy and SajteP evolved a procedure and an apparatus for automatic 
titrations which automatically adds the titrant and registers the titration curve. The 
titrant is added to the test solution at a steady rate, and a precipitate of low solubility 
is formed. The circulation of the supernatant liquid through the filter plate in the 
titration flask, into the glass mantle of the GM counter measuring the liquid, and 
back again into the titration flask, is achieved by a laboratory micropump. The GM 
counter is attached to a rate-meter, and the activity values indicated by this rate- 
meter are continuously registered by an adequate registering device. This apparatus 
is shown in Fig. 12. 

In another paper22 the same authors suggested a method for automatic radiometric 
titrations carried out to the equivalence point. This technique is particularly 
useful for the serial determination of substances present in approximately identical 
amounts. Before carrying out the actual dete~ination it is necessary to plot the 
titration curve with a sample in order to obtain the radioactivity of the supernatant 
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FIG. 12.-Automatic apparatus for radiometric titrations based on precipitate 
formation, according to Tolgyessy and Sajter? 

1. Glass tube attached to 8. Mercury valve 
suction device 

2. Container 
3. Funnel 
4. Flask with titrant 
5. Funnel for removing 

waste titrant 
6. Titration flask with 

filter attachment 
7. Stirrer 

9. Sprayer 
10. Electromotor with 

transmissions 
11. GM counter 
12. Glass mantle 
13. Sonde 
14. Rate-meter 
15. Registration device 

FIG. 13.-Automatic apparatus for radiometric titrations based on precipitate 
formation, according to Tolgyessy and Sajter? 

1. Titration flask 5. Rate-meter 
2. Stirrer 6. Relays 
3. Electromagnetic valve 7. Timer 
4. Polyethylene tubing 
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liquid at the equivalence point. This method is essentially similar to the previous 
technique in which the titration curves are automatically registered. The only 
differences lie in the measurement of the radioactivity and in the determination of 
the equivalence point. In titrations of this type, the time from first adding the 
titrant to attaining the equivalence point is measured by an electric stop-watch 
which is automatically started and stopped by a rate-meter. The addition of titrant 
is also similarly controlled. If the activity of the supernatant liquid decreases to a 
previously set value, the addition of titrant is interrupted, and the electric stop-watch 
is stopped. The apparatus is shown in Fig. 13. The polyethylene tubing (4) through 
which the titrant is added is closed by an electromagnetic valve (3). This, in turn, is 
controlled through a relay (6) by a Soviet rate-meter of type TISS. With a steady rate 
of addition of titrant and knowing the time of addition, the volume of titrant consumed 
can be determined. When a burette, or another calibrated flask, is used for titration, no 
stop-watch is necessary because the volume of titrant consumed can be read directly. 

The automatic apparatus eliminates subjective errors, and it permits an increase 
in the accuracy of the determination and a reduction of the time required for the 
titration to about 5-8 min. 

4.4 Determination of several components together 

Methods suitable for the determination of several substances in the presence of 
each other can be classified in five groups.Q~10J7~24~25,28 

4.4.1. Radiometric titration of two substances by two titrations and one active 
titrant: (a) This method lends itself to the determination of two substances in the 
presence of each other only when both substances yield poorly soluble precipitates 
with the same titrant. Two portions of identical volume of the solution to be titrated 
are used in this type of determination. The combined amount of both substances is 
first determined in a portion of the test solution by titration with active titrant. Then 
in another portion of the test solution of identical volume, one of the substances is 
precipitated by a selective reagent. The precipitate is removed by filtration (or 
sedimentation without filtration), and the other substance to be determinedis measured 
by titration with the active titrant. The quantity of both substances can be calculated 
from the results of the two titrations. For example, to determine zinc and lead ions 
present together, a portion of the test solution is titrated with labelled potassium 
ferrocyanide solution. The amount of titrant consumed gives the combined content 
of zinc and lead. Subsequently, lead is precipitated from another portion of the test 
solution with sulphuric acid, and the zinc content of the residual solution is determined 
by radiometric titration. The lead content can be calculated from the difference in 
the two titrations.1s*25 

(b) As a variant of this technique, two oxidation states of the same substance 
can be determined in the presence of each other (e.g., iodine and iodide), one of 
which gives with the titrant a precipitate of poor solubility. In this method, as in the 
previous case, two portions of identical volume of the test solution are used. In the 
first portion, using an active titrant, the amount of that component is determined 
which gives a poorly soluble precipitate with the titrant. Then, in the other portion 
of the test solution, by an appropriate oxidation or reduction, the second component 
is converted to the same oxidation state as the first, and both components are deter- 
mined together. For example, to determine iodine and iodide present together, the 
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amount of iodide ion is first measured by titration with a solution of 204T1,S0,. 
In another portion of the test solution, iodine is reduced to iodide with sodium 
thiosulphate solution, and the total amount of iodide is determined.27 

4.4.2. Radiometric titration of two substances by two inactive titrants: The sub- 
stances to be determined are labelled by adequate radio-isotopes, and then con- 
secutively titrated with selective titrants. For example, to determine sulphate and 
iodide present together, the test solution is labelled with l9- and 35S042- ions, 
i.e., with the isotopes 1311 and 35S. Then barium chloride as titrant is added to the 
test solution. The activity of the supernatant liquid will decrease with the precipita- 
tion of sulphate ion up to the fist end-point, after which the activity will show a 
constant value. Silver nitrate as titrant is then added to the test solution. The 
activity of the supernatant liquid will then decrease with the precipitation of iodide 
ion. After the second end-point, the activity of the solution will be determined only 
by the solubility of barium sulphate and silver iodide. By plotting the course of 
titration, the end-points can be read from the curve obtained.g*26 

4.4.3. Radiometric titration of two substances by one active titrant: Two substances 
can be determined together with an active titrant when the substances to be deter- 
mined form precipitates with the titrant at various pH values, as in the determination 
of two ions by Busev and Byrko .26.28 One of the ions is completely precipitated at 
pH 14, and the other ion at a lower pH value. Another example is the determinatiorP 
of TP+ and In3+, with 1-dithiocarboxy-5phenylpyrazoline labelled with 35S as 
titrant. The TPf ion is first titrated at pH 14. At the end-point the activity of the 
supernatant liquid rises, because of the excess titrant. On adjusting the pH value of 
the solution to 7 the I$+ ion precipitates, and the activity remains constant, being 
determined by the solubilities of the thallium and indium complexes. After complete 
precipitation of the indium, the activity of the solution will again rise. 

4.4.4. Radiometric titration of two substances by one inactive titrant: Two sub- 
stances can be titrated with an inactive titrant when the substances form with the 
titrant poorly soluble precipitates of markedly differing solubility products. The solu- 
tion is labelled with an appropriate radioisotope for the substance which gives the 
more soluble precipitate. The end-point can then be determined by calculation.g*2s 

The course of titration is shown in Fig. 14. Three values of activity are required 
for the calculation of the two end-points by equations (25) and (26): 

V l&V = (V2 - Vl$G + VI 
2 1 

V 2,,p = Kl - F> w 
2 1 

The technique of this determination is as follows. First the original activity, I,,, 
of the labelled test solution is measured. Then V, ml of titrant are added in order 
to precipitate quantitatively the first component, and the activity of the supernatant 
liquid, I,, is measured. After adding a further amount, v ml, of titrant, where 
VI = V, + v, the activity, Ir, is measured. F is the activity of the solution at the 
second end-point. 

For example, to determine sulphide and iodide ion the test solution is labelled 
with radioactive iodine (as 1311-), and titration is carried out with a solution of silver 
nitrate as titrant. On adding the titrant, the activity of the solution does not change 
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while sulphide ion is present in the solution. After the precipitation of the sulphide 
ion, the precipitation of iodide ions (together with lslI) leads to a decrease of activity 
in the solution. From the values obtained a titration curve is established. The 
end-points can be read from this curve or can be determined by calc~ation. 

4.4.5. Radiometric titration of thee substances by one inactive titrant: Three 
substances, in fact, can be determined with an inactive titrant if the substances give 
with the titrant poorly soluble precipitates of markedly different solubility products. 

“0 V ‘w "2 "I V 
ml 

2.w 

RG. 14 

In determinations of this type, radioisotopes suitable for the two components with 
the least and greatest solubilities, i.e., those which precigitate first and last, are applied 
for labelling the solution. 

4.5. Practical applications 

In the Geld of precipitation titrations the majority of the methods are based 
on the precipitation reactions which are most frequently used in the normal determina- 
tion of inorganic substances. In this way, the following elements and compounds have 
been determined: silver,7~B*16~18*ps,60 lead,lss5’ rnercu~~~ copper,16J6J8*M cadmium,34 
zinc,17,18*26,28,34,35,36 iron,45 cob&,50 nickel,60 calcium,29*32 barium,9 magnesium,‘3 
palladium,16p5” thallium,“~28.61*52*ti zirconium,51*52@ beryllium,LV2*54 niobium,& tan- 
talum,% uranium,13 rare earth metals,4Hs phosphates,sJ3*3f chromates,l* carbonates,18 
sulphates, 9~12*a9-s2 oxalates,18*57*5s chlorides,7*s*12 bromides,7*s iodides,* cyanides,*,*7*6* 
-sulphides,“* fluorides,1s,84 ferrocyanides,s iodates,18 molybdates,31 sulphocyanides,* 
and inorganic drugs. 89 By the methods already described, several substances 
have also been determined in the presence of each other, such as the 
pairs iodide-chromate,25 iodide-iodine~‘,~,~ sulphate-iodide~,~ calcium-lead,% 
zinc-cadmium,34 zinc-copper,l’ sulphide-iodide, 25 lead-zinc? and thallium-indium.26 
Among organic compounds, the following can be included: quinine,37-40 hyo- 
scyamine,P0a41 morphine,#,~ st~chnine,~*~~ 8-hydroxyquino~ne,~,3S amidopyrine,37,** 
purines and barbiturates,64 sulphamides,5’ alkaloidsmz62 and, other organic drugs.65 
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4.6. Increasing the sensitivity of radiometric titration based on precipitate formation 

The sensitivity of titrations based on precipitate formation is known to be of the 
order of magnitude of mg. This limit of sensitivity appears to follow from the basis 
of the method itself, being actually determined by the solubility product of the 
precipitate formed during titration. 

Braun and TiilgyessyS9 have evolved several methods for increasing the sensitivity 
of titrations of this type. 

4.6.1. Radiometric titration on ion exchangers: The radiometric titration of iodate 
ions by a silver nitrate solution labelled with ll”Ag has been carried out by Braun, 
Maxim and Galateanu.‘O This titration was conducted by the conventional technique. 
Because the solubility product of silver iodate is rather low, the titration cannot be 
carried out in very dilute solutions. However, when the iodate ions have previously 
been bound by anion exchangers added to the system, it is possible to conduct the 
titration even in 10e4M solutions. The precipitate forms on the surface of the particles 
of ion exchanger where the ion to be titrated is present in an enriched form. 

4.6.2. Radiometric titration by separation with a collector: The radiometric 
titration of zirconium by a PO4 3- titrant labelled with 32P was described in 1956 by 
Alimarin and Gibalo,” together with a technique suitable for the titration of mg- 
amounts. If, during the titration, after the addition of each new portion of titrant 
(P04s-), solutions of silver nitrate and sodium iodide are added to the system from 
two separate burettes, the silver iodide precipitate which forms carries with it, as a 
collector, the traces of zirconium phosphate not still precipitated. In this way, 
minute amounts of zirconium can be titrated, e.g., about 10 ,ug of zirconium can be 
determined with an error of about &5%.‘l 

4.7. Radiometric titration based on precipitation in non-aqueous media 

The radiation intensity of radioactive isotopes does not depend on the solvent 
used. It was proved by Chernyi, Vail and Izmailovss that organic acids and their 
salts can be titrated readily in a medium of methanol, acetone or dioxan-methanol 
by silver ions labelled with “OAg. The sensitivity of the method is increased by using 
a non-aqueous solvent in which the precipitate formed during titration is less soluble 
than in water. The same authors titrated calcium butyrate and sodium benzoate in 
a methanolic medium, valeric and caproic acid in a medium of methanol-dioxan, 
and halogen salts of quaternary ammonium bases in an acetone medium. 

5. RADIOMETRIC TITRATION BASED ON COMPLEX FORMATION 

It is known that titration methods based on complex formation (complexometry) 
and especially on the formation of chelate complexes (chelatometry) play an appre- 
ciable role in titrimetric analytical processes. In the past decade, this field has been 
extended greatly by a series of novel complex forming agents (complexones) which 
have made possible the simple solution of many complex analytical problems. 
Parallel with the development of practical methods, the theoretical basis of titrations 
based on complex formation has been evolved. In addition to visual methods 
based on colour indicators, which are doubtlessly simpler and quicker, much attention 
has been paid to instrumental methods of end-point indication. These latter offer 
possibilities, on the one hand of automating the processes, and, on the other hand 
of determining micro and submicro concentrations. 
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So far, only a relatively small number of papers have dealt with the problem of 
radiometric end-point indication in titrations based on complex formation. This is 
mainly because of the difficulties of phase separation. In this type of titration, in 
complete contrast to those based on precipitate formation, separation of phases does 
not follow from the method itself (i.e., from the course of the reaction). Instead, the 
separate measurement of the radioactivity of the reaction partners or reaction 
products can only be carried out by an auxiliary but proper separation process, 
such as extraction of the reaction product or products by a solvent immiscible with 
water, separation by ion exchange or, finally, the use of solid indicators. 

5.1. Phase separation by solvent extraction 

The field of application of radiometric titrations has been appreciably extended 
by the use of phase separation by solvent extraction.72-74 In general, the reaction 
products (chelate complexes) are extracted. The prerequisite of the application of 
this technique is that the complex formed during titration should be insoluble in 
water but readily soluble in an organic solvent. Obviously, the complex formed must 
meet the requirements of stability which apply to any in complexometry.76 A con- 
siderable number of organic chelating agents have been proved to meet these require- 
ments, e.g., dithizone, S-hydroxyquinoline, diethyldithiocarbamate, etc. However, 
the sensitivity of this method should also be considered. In the case of radiometric 
titrations based on precipitate formation the lower limit of sensitivity is determined 
by the solubility product of the precipitate, and this limit can be lowered only by 
special methods (cj paragraph 4.6.). The sensitivity of radiometric titrations based 
on complex formation, with solvent extraction, however, depends only on the order of 
magnitude of the impurities present and on the specific activity of the radioactive 
isotope applied for labelling, because of the high stability of the complexes. 

As has been proved by Duncan and Thomas, 73 in the radiometric titration of silver 
traces by extraction with dithizone, the sensitivity of the method attains that of 
activation analysis. 

5.1.1. Determination of equivalence point: In general, the equivalence point 
is determined from graphs. 73S74 Obviously, radioactivity can be measured both in 
the aqueous and in the organic phase, and in consequence, the results are more 
accurate. In addition, the point of equivalence can be determined by calculation, 
although this method necessarily produces higher errors.72 The accuracy of the 
result, taking into account other conditions, such as the stability of the complex, the 
pH value, the presence of interfering ions, and a good separation of the phases, 
depends, in the end, on the exact measurement of radioactivity. 

From the aspect of labelling, two cases can be distinguished: either the component 
to be determined is labelled, according to the amount present, by larger or smaller 
quantities of its (possibly) carrier-free isotope; or a labelled titrant is used. The 
first case exists, for example, when mercury ion labelled with 20”Hg is titrated in the 
presence of carbon tetrachloride, with dithizone as titrant (dissolved in carbon tetra- 
chloride). An example of the second case is the titration of thiocyanate ion with a 
solution of cobalt nitrate, labelled with 6oCo. 

In practice, cases can occur where no radioactive isotope of the element to be 
determined, suitable for labelling, is available. Then the isotope of another element 
may be used, provided that the complex formed by this auxiliary element with the 
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titrant possesses the same stability as that of the ion to be determined. If this is 
impossible, the so-called non-isotope method can be used, which is based on the 
following principle. When Me, ion is to be titrated with the complexing agent, A, 
this titration can be carried out with labelled Me, ion also present in the solution. 
These latter should react with A only when A has already reacted with all the Me, 
ion present. Consequently, in the titration curve the activity will be constant till the 
whole of the Me, ion is titrated, and then, when Me, ion enters the reaction, activity 
will increase or decrease depending on whether the radioactivity of the organic 
phase or that of the aqueous phase is followed. The volume of A consumed by Me, 
ion is indicated in the titration curve by a sharp break. This principle was first 
applied almost simultaneously by Korenman and co-workers72 and by Duncan and 
Thomas73 to radiometric titration by extraction. 

Another possibility is utilised by the so-called indirect technique of extractive 
radiometric titration. This is used when the rate of the reaction between the ion to 
be determined and the chelating titrant is low. By adding excess of titrant, the 
reaction is generally speeded up. Consequently, by adding chelating titrant in excess 
to the solution of the ion to be titrated, and then an excess of an element which reacts 
instantaneously with the titrant, the excess of this last can be measured by titration 
with the chelating titrant using extractive radiometry, and the amount of ion originally 
to be determined can be calculated from the volume of titrant consumed. 

5.1.2. Theoretical basis of radiometric titration by solvent extraction: The theoreti- 
cal problems of radiometric titration by solvent extraction are discussed in detail in 
a paper by Duncan and Thomas .l On extracting metal complexes with organic 
solvents there occur the following equilibria: 

m+HL 

HL+H++L- 

M++L-*ML 

ML+ML 

where HL represents the non-dissociated complexing agent (weak acid), and c 
represents the portion of component L present in the organic phase. 

Denoting the partition coefficient of the complexing agent by PHL, 

P,, = g 

the partition coefficient of the complex ML formed on titration by PML, 
- 

M-1 
P -- 

ML - [ML] 

the dissociation constant of the ligand by Ka, 

K a = W+l[L-1 
[HLI’ 

the stability constant of the complex ML by K, 

[ML1 
K = [M+][L-] 

(27) 

(28) 

(39) 

(30) 



FIG. 15.--Semi-automatic apparatus for radio- 
metric titrations based on complex formation, 
suitable for phase separation by solvent extraction, 

according to Spitzy.:’ 
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the volume of the solution containing the radioactive ions M+ by r+, (ml); the original 
concentration of these ions in the aqueous phase by [M+],,; and the volume of the 
organic solvent immiscible with water (which contains HL in the original concentra- 

tion [ml,) by u (ml); it can be derived that 

~2(~~~~~[~~) + uuo{K. k’aW’,,,fR - 1)[M+I, + [~I,) 
+ P&H+](R - 1)) + vo2(R - l)(K . Ktd?[M+l,, + II-I+] + Kc,) = 0 (31) 

where R = (a,+/a&+) is the ratio of the initial total activity of the solution to the 
total activity measured in a given period of titration. This relatively complicated 
equation can be simplified if the following conditions hold: 

(a) the values of ir( and P,, are relatively high; 

(b) the values of [m], and [M+],, are low and of the same order of magnitude 
(dilute solutions); 

(c) the pH of the aqueous phase remains constant so that [H+] +$ K. &[M+],, 
i.e., on attaining equilibrium, only a negligible amount of unreacted HL remains in 
the aqueous phase; 

(d) PM, and pm, are of the same order of magnitude, 
On simplifying, the following equation is obtained : 

v= dM+l,U - RI 
m, 

(32) 

which is valid for all the radiometric titrations by solvent extraction so far described 
in the 1iterature.l When it is impossible to extract the complex ML quantitatively 
from the aqueous phase (the value of P,, or 1y is low or that of [H+] is high), instead 
of a straight line, a curved titration graph will be obtained. With knowledge of the 
values of &, [H+] and PHL, it is possible to calculate the values of K, PM, and [M+], 
from three points of the graph. 

5.1.3. Titration apparatus and technique of titration: Titrations are carried out 
by Korenman and co-workers72 in glass-stoppered test-tubes carrying a volume scale. 
Identical volumes of the test solution are transferred to the test-tubes by pipette, 
the pH value of the solution is adjusted with a buffer solution, and increasing amounts 
of titrant are added. Then the test tubes are filled up with an organic solvent (that 
used for dissolving the chelating titrant) to the mark. After shaking in a shaking 
machine for 15 min, the test-tubes are centrifuged l-2 min to promote separation, 
and the radioactivity of aliquots taken from both the aqueous and the organic phase 
are measured in a liquid counter. The titration curve is established from the results 
obtained. 

Titrations are carried out by Duncan and Thomas73 in a separatory funnel, and 
the activities of aliquots withdrawn from the aqueous phase are measured after each 
new addition of titrant and shaking. In both cases the titration is intermittent and 
rather cumbersome and lengthy. So far it has not been possible to evolve a continuous 
process for solvent extraction. In consequence the automatisation of the titration 
has been delayed. Spitzy’+? has developed an apparatus which automatically separates 
the two phases after shaking and thus markedly accelerates the course of titration 
(Fig. 15), but the problem of continuous titration still remains unsolved. 

5.1.4. Methods: In the papers published so far, the applicability of the method 
has mainly been proved by model experiments. The advantages and drawbacks of the 

3 
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method can be evaluated by the published results. Duncan and Thomas73 titrated 
traces of mercury labelled by 203Hg at pH 1-O and traces of cobalt labelled with soCo at 
pH 6.7, using a solution of dithizone as titrant. Similarly, traces of zinc72 labelled with 
66Zn and traces of silver74 labelled with “OAg can be determined by titration with 
dithizone. In Fig. 16 the curves of the radiometric titration of cobalt and mercury, 
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FIG. 16.~Curve of the radiometric titration of cobalt (%o, A) and mercury (209Hg, B) 
ions with a dithizone solution in carbon tetrachloride as titrant, according to Duncan 

and Thomas.‘* 
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FIG. 17.-Curve of the radiometric titration of silver (“OAg) and zinc (YZn) ions with 
a dithizone solution in carbon tetrachloride as titrant, according to Spitzy.‘* 

obtained by extraction with dithizone, are shown; Fig. 17 shows the curves for the 
dithizone titration of silver and zinc. 

5.1.5. ~e~er~~n~~~~~ of several components together: The theoretical possibilities 
of radiometric titration by extraction, for the determination of several components 
together, are shown in Fig. 18, and include the use of non-isotopic methods, active 
titrants or different specific activities. Because Fig. 18 is prepared only as a guide, 
only numbers of components not exceeding three were taken into account. But 
similar theoretical conclusions can also be drawn for the determination of four, five 
or more ions. All the results published in the literature can be classified in one of the 
types shown in Fig. 18. However, the examples given in Fig. 18 do ,not include all 
the possibilities of simultaneous determination. For example, selective titrations can 
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FIG. 18.-Alternative possibilities of radiometric titration based on complex formation 
and carried out by solvent extraction (theoretical possib~ities of determ~ing one, two 

or three components). 
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also be carried out by varying the pH, by using auxiliary complexing or demasking 
agents, etc. 

Examples of published methods include that developed by Duncan and Thomas’s 
for the determination of traces of cobalt and zinc in the presence of each other, using 
e°Co and the non-isotope method. The curve published by Duncan and Thomas is 
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FIG. 19.-Curve of the radiometric titration of cobalt (B) and zinc (A) ions with a 
dithizone solution in carbon tetrachloride as titrant and with the non-isotope method, 

according to Duncan and Thomas.73 

shown in Fig. 19. A similar principle was applied by Korenman and co-workers72 
to the determination of traces of mercury and zinc, and of traces of copper and zinc, 
using GZn. However, the titrations must be conducted at two different pH values. 
Similarly, the non-isotope method and titrations at two different pH values have been 
applied by Spitzy74 to the determination of traces of silver and zinc, using 66Zn. 

Spitzy has developed another method 74 for the titration of three components 
occurring together. Thus, for example, traces of mercury, silver and zinc were titrated 
by labelling with 2WHg and 65Zn, and conducting titrations at two pH values. The 
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FIG. 20.-Curve of the radiometric titration of mercury, silver and zinc ions with a 
dithizone solution in carbon tetrachloride as titrant, and with the non-isotope method, 

according to Spitzy.‘4 
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titration curves of these three ions are shown in Fig. 20. In all the mentioned cases 
a carbon tetrachloride solution of dithizone served as titrant. 

The application of indirect titrations has still to be mentioned. This method has 
been applied by Spitzy’* for the titration of traces of palladium. The solution, 
containing palladium, was extracted with an excess of a dithizone solution of known 
concentration. The organic phase was then treated with a solution containing a 
known amount of ll*Ag. On shaking, some of the silver was bound by that part of the 
dithizone which did not react with the palladium. After separating the organic phase, 
the residual silver was titrated with dithizone. The quantity of dithizone consumed by 
the palladium was then calculated from the ratio of the added solutions, of known con- 
centration and volume, to the volume of the dithizone solution consumed by the silver. 

5.2. Phase separation using solid indicators 

A novel possibility of radiometric titrations based on complex formation has been 
evolved by Braun, Maxim and Galateanu. 76*7* The principle of the method, based on 
the use of “solid indicators” is as follows. A cation, Ma+, is titrated with the com- 
plexing anion, AZ-, according to the reaction: 

M2’ + Aa- ;1 (MA) 

The end-point of this titration reaction is determined with the use of the tagged 
cation, Mt2+, present in the system. The cation M+2+, is originally present as the 
slightly soluble precipitate, Mi*B (solid indicator). ‘The prerequisite of end-point 
indication is that the cation, MT2+, should react with the complexing agent, A”, 
only when all the M2+ ion (to be titrated) has already reacted. The complexing 
process of the cation, MT2+, is characterised by the dissolution reaction: 

Mi*B + Aa- ;=1- (Mi*A) + B’-. 

In order to carry out the above titration, the following conditions must be met: 
(a) the inequality 

pK(MA) > pK(Mi*A) 

must exist between the stability constants of the complexes (MA) and (Mi*A); 
(b) the ratio of the stability constant of the complex, (Mi*A), to the solubility 

product of the precipitate, M,*B, must be chosen in a way that the excess of the 
complexing agent added during titration should dissolve the precipitate. 

A certain amount of labelled Mi*B precipitate is added to the solution of M2+ 
ion to be titrated, in a titration flask; the solution is then titrated with the compIexing 
titrant, AZ-, and during titration the radioactivity of the solution separated from the 
precipitate is measured; the radioactivity remains low, as long as the solution contains 
free M2+ cation. When all the M2+ cation has been converted into complex, the 
excess complexing agent will react with the cation, Mf2+, and this leads to the 
dissolution of the precipitate, Mi*B. Consequently, the radioactivity of the solution 
will increase in proportion to the amount of AZ- added. The titration curve is shown 
in Fig. 21. The sensitivity of the method is limited, on the one hand, by the stability 
of the complex used in the titration reaction, and, on the other hand, by the solubility 
and specific activity of the solid indicator. With properly chosen conditions, minute 
amounts can be titrat.ed. In addition, this method appears to be suitable for 
automation. 
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These principles permit end-point indication by radiometry in complexometric 
titrations.71*76.77 Methods have been evolved for the radiocomplexometric determina- 
tion of calcium, strontium, magnesium, copper and zinc, using solid silver iodate 
labelled with ‘r”Ag as indicator. 

0.1 ~EDTA, ml 

FIG. 21.-Curve of the radiocomplexometric titration of calcium ions using silver 
iodate as solid indicator. 

5.2.1. Possibilities of this method: direct, indirect and back-titrations: By using 
solid indicators the complexometric titration of a great number of ions becomes 
possible. The direct titration of calcium, strontium, magnesium, copper and zinc 
has already been mentioned. Back-titration can be applied when, for example, the 
solid indicator acts only at a high pH value where the titrated ion will be hydrolysed, 
or when the reaction between the titrated ion and the complexing agent is slow, as 
in the complexometric titration of aluminium. ‘* In this titration, a known excess 
of EDTA is added to the solution of the titrated ion at a low pH value, the 
system is boiled, and the pH value is adjusted to about 10. A suspension of 
lloAgIO, as solid indicator is then added. Excess EDTA completely dissolves this 
indicator. Then the solution is back-titrated with a solution of calcium nitrate. The 
excess of EDTA is bound by the calcium ions, and the radioactivity of the solution 
remains constant at a high level. When the excess of EDTA is consumed, “OAg+ 
is replaced in the (AgY)3- complex by Ca2f because 

pK(AgY)3- < pK(CaY)2-. 

The displaced llOAg+ ions combine with the 10, ions present in the solution, and 
are precipitated as l1°AgI03. In consequence, the radioactivity of the solution 
gradually decreases. When the complex (AgY)3- is completely decomposed by 
Ca2+ ions, the radioactivity of the solution remains constant. Aluminium com- 
plexonate is not decomposed by Ca2+ ions because 

pK(AlY)- > pK(CaY)2-. 

The titration curve is shown in Fig. 22. 
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FIG. 22.Purve of the radi~mplexometric back-titration of aluminium ions using 
silver iodate as solid indicator, according to Braun.s* 

FIG. 23.-Apparatus for radiometric titration based on compIex formation, carried 
out with a solid indicator and with phase separation by filtration, according to Braun? 
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In addition to these possible applications, the method also lends itself to indirect 
titrations, mainly for determining anions. In this case, the ion to be determined is 
precipitated by an excess of another ion which, by dissolving the precipitate, 
can be directly titrated with EDTA. This method has proved suitable, for example, 
for the determination of sodium through the titration of the zinc content of sodium 

FIG. 24.--Apparatus for radiometric titrations based on complex formation, with a 
solid indicator and phase separation by flotation, according to Braun9 

I. Precipitate 
2. Titration flask 

6. Suction device with 
rubber bulb 

3. GM counter 7. me-amplifier 
4,5. Lead mantle 8. Rate meter 

zinc uranyl acetate, and for the determination of tungstate through the titration of the 
calcium content of calcium tungstate.‘@ 

5.2.2. Titration devices and technique of titration: Titration devices for solid 
indicators do not differ much from the conventional types of apparatus used in other 
radiometric titrations. If the solid indicator is applied during titration as a suspension, 
phase separation can be carried out by filtration, centrifuging or flotation. The 
apparatus used for phase separation by filtration is shown in Fig. 23. For the flota- 
tion method for phase separation, the equipment shown in Fig. 24 can be used.13 
Because in these cases phase separation is carried out intermittently, the titration 
process is not continuous* After each addition of titrant, phase separation must 
be carried out (~ltration, centrifuging or rotation), followed by measurement of 
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the radioactivity. The next addition of titrant can only take place after these opera- 
tions. This discontinuity is a common drawback of all titration methods described, 
and is a hindrance to the possibility of automation. However, the method applying 
solid indicators can make continuous titrations possible when the indicator is intro- 
duced, in a form fixed to the fibres of filter paper instead of as a suspension, lloAgIO, 
as indicator can be precipitated within the fibres of chromatographic filter paper. 
This filter paper, fixed on a support, is transferred to the titrated solution during 
titration. No phase separation is then necessary, and titration can be carried out as 
a continuous operation84 or it can be made completely automatic. 

5.3. Phase separation by ion exchangers 

Recently, Stary, RdiiEka and Zeman so showed that in radiometric titrations 
using EDTA, phase separation can also be carried out by ion exchangers. This 
method is based on the formation of negatively charged or neutral chelates which 
can easily be separated from the excess of unreacted metal by cation exchangers. 
The end-point is indicated by the measurement of the radioactivity of the eluates. 
As in other methods of radiometric titration, either the isotope or the non-isotope 
technique may be applied. The optimum pH values of this titration can be calculated 
on the basis of theoretical considerations suggested by Star9 and RuiiEka.sl According 
to this theory, ions forming very stable chelates, such as Cow, Zr4+, Fe3+, In4+, 
Th4+, etc., can be titrated at pH values of 2-3, even with 10-6-10-7M EDTA solution. 

Less stable complexes can only be titrated at much higher pH values. By this 
technique, these authors succeeded in titrating microgram quantities of indium. 
By the non-isotope method it was possible to determine even 0.5 pg of cobalt by 
titration. The only drawback of the method is that the titration, as in other radiometric 
titrations, can only be conducted as an interrupted operation in the way described 
by these authors. 

6. RADIOMETRIC TITRATION BASED ON REDOX REACTIONS 

Among the methods of titrimetric analysis, redox titrations are of great impor- 
tance because a great number of multivalent elements can be titrated successfully 
with an oxidant or a reductant. 

Indication of the end-point of titrations of this nature by radioactive isotopes was 
until recently impossible by recognised techniques. In redox titrations all the com- 
ponents of the reaction remain in the same phase. Consequently, it is impossible to 
measure separately the radioactivity of the reactants and of the reaction products. 
This problem was solved by Braun82*19 using labelled liquid amalgams. The principle 
can be instanced by considering bivalent Me2+ ion, which is titrated with a solution 
of the quadrivalent oxidising agent, 0x4+, according to the reaction: 

Me2+ + 0x4+ % Me3+ + 0x3+ 

When a liquid amalgam, Me,*Hg, with a labelled metal atom, is also present in 
the system to be titrated, and this amalgam is capable of reducing the oxidising 
agent, 0x4+, then on titration, after oxidation of all the Me2+ ion, the oxidising agent 
will react with the amalgam. During the reduction process an amount of labelled 
Mei*2+ ion equivalent to the amount of the oxidising agent will be liberated from the 
amalgam. The reduction reaction reads : 

-/Mei*2Hg + 20x4+ + JHg + MeT2 ’ + 20x3+. 
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The titration curve is shown in Fig. 25. At the beginning of titration radioactivity 
is low, and it remains constant till all the ion to be titrated is consumed (AB in 
Fig. 25). On adding further amounts of titrant, reaction with the amalgam follows 
(BC in Fig. 25), and the radioactivity of the solution shows a linear rise. The point 
of intersection of the two straight lines gives a readily evaluable end-point. Using 
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FIG. 25.-Curve of the radiometric titration in a redox reaction, with phase separation 
by amalgam, according to Braun.*2 

this principle, Braun titrated ascorbic acid, as a model experiment, with a solution 
of Fe3+, in the presence of zinc amalgam labelled with 65Zn. 

7. RADIOMETRIC TITRATION BASED ON ABSORPTION OF 
B-RADIATION AND ON ITS SCATTERING 

p-rays, on passing through a substance, interact with it and gradually lose their 
energy and alter their direction. This phenomenon has been utilised for titration 
purposes. 

1.1. Radiometric titration based on scattering of /l-rays 

An appreciable part of the scattered ,!?-particles follow a reverse direction, i.e., 
are back-scattered from the medium in question. The over-all effect of P-ray scattering 

depends on the atomic number of the examined substance, on the maximum energy 
of the p-radiation and on the thickness of the substance being examined (for solutions, 
on the concentration of the substance being examined). This phenomenon was 
utilised by Tijlgyessy and Varga 66 to enable them to evolve’ a method of radiometric 
titration based on B-ray scattering combined with precipitate formation. In a 
titration of this type the titration curve shows the intensity of back-scattered p- 
radiation plotted against the amount of titrant added. Three alternatives are possible: 

(a) the solution contains an element or several elements of high atomic number 
and the titrant has elements of low atomic number, e.g., the titration of Ag+ ions 
with hydrochloric acid. During titration, the intensity of b-radiation back-scattered 
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from the solution decreases, because of the decrease in concentration of the element 
of higher atomic number (though precipitation of this element); 

(b) the solution contains elements of lower atomic number and the titrant has 
elements of higher atomic number (e.g., the titration of Cl- ions with silver nitrate). 
During titration, the intensity of the back-scattered B-radiation slightly diminishes 
until the end-point is reached, and then increases markedly; 

II 8 

_------J 

FIG. 26.-Apparatus for radiometric titrations based on p-radiation scattering (A) 
and B-radiation absorption (B), according to Tiilgyessy, Varga, Dillinger and BraunaaPs7+ 

1. Titration flask 6. Ring-shaped radiation source 
2. Glass filter 7. GM counter 
3. Burette 8. Sprayer 
4. Stirrer 9. Closed B-radiation source 
5. Measuring cuvette 10. Scintillation counter 

(c) both the solution and the titrant contain elements of high atomic number. 
The intensity of the scattered b-radiation decreases until the end-point is reached, 
then rises. 

In these titrations the conventional filtration and centrifuging methods have been 
applied. The experimental apparatus is shown in Fig. 26(A). The windows of the 
measuring cuvette (5) are of polyethylene. This cuvette is placed before the ring- 
shaped source of B-radiation (6), (204Tl). The p-radiation back-scattered by the solution 
placed in the measuring cuvette is measured by a GM counter, (7), with an end window. 
The titration curve of Ag+ ions with.0.1M hydrochloric acid is shown in Fig. 27. 
Ferrocyanide ions have been titrated with O.lN lead nitrate by the same authors, 
using the same technique. 

7.2. Radiometric titration based on absorption of p-radiation 

The absorption of p-radiation has been utilised by Tiilgyessy, Dillinger and 
Braun67*B8 for end-point indication in titrations based on precipitate formation and 
extraction. In these titrations, either the solutions to be examined, or the titrant, or 
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both, should contain elements of high atomic number. The titration curves show the 
measured radiation intensities (expressed by the logarithm of the number of impulses 
observed in unit time) plotted against the amount of titrant. The curves show the 
reverse shape to that of the normal radiometric titration curves. 

In titrations based on precipitate formation the usual filtration and centrifuging 
methods have been used; in titrations based on extraction centrifuging methods have 
been used. In the filtration method, the apparatus shown in Fig. 26(B) was used. 
On one side of the measuring cuvette (made of Plexiglass and equipped with poly- 
ethylene windows), a closed p-radiation source (sY3) of 1 mC activity was located, 



Radiometric titrations 1309 

and on the other side a scintillation counter which was attached to an automatic 
measuring apparatus. Fig. 28 shows the curve obtained on titrating 25 ml of a solution 
containing chloride ion with l*OM silver nitrate. In this determination the error was 
&1*5%. These novel titration methods offer the advantage over the radiometric 
titration processes described earlier that a closed radiation source is used, and there- 
fore the method is markedly freer from radiation hazards. In addition, the titration 
process lends itself readily to automation. 

8. OTHER APPLICATIONS OF RADIOMETRIC TITRATION 

Radiometric titrations have been applied with success by several authors in 
processes not directly analytical. Only a few papers have been published in this 
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FIG. 29 

field, but the results attained are fairly promising and they should stimulate further 
experiments of this type. 

8.1. Determination of structure of compounds 

The composition of solutions of silver and cobalt tungstate has been studied by 
Bradhurst, Coller and Duncana at various pH values, using radiometric titrations. 
It can be seen in Fig, 29 that on titrating a solution of sodium tungstate at pH 6.2-7.8 
with a silver nitrate solution labelled with llOAg, a titration curve with a sharp break 
is obtained. The ratio Ag: W can easily be calculated from the end-point. The 
dependence on pH of the ratio Ag: W, calculated on the basis of titrations carried 
out at various pH values, is shown in Fig. 30, which proves that the method furnishes 
information on the composition of the various condensed tungstate ions present in 
the solution. Shinagawa, Matsuo and Yoshida85 succeeded in establishing the com- 
position of the complex triphenylselenonium iodobismuthite by a similar method, 
showing that the compound corresponds to the formula [(C,H,),Se] . [BiI,]. 

8.2. Investigation of coprecipitation 

Coprecipitation of various labelled compounds has been investigated, using 
radiometric titration, by Aiimarin and Sirotina,86 who studied in detail the coprecipi- 
tation of ZopTf with AgI, AgCf, AgSCN and Pbl precipitates, the titration of silver 
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and thallium with 204TlI, and that of lead and silver with Cr0,2-. The results 
have proved, among other things that the non-isotope method lends itself to use in 
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FIG. 30 

radiometric titrations not only when isomorphic precipitates are formed, but also when 
anomalous mixed crystals develop in the solution. 

8.3. Determination of solubih’ty product 

87 A method has been evolved by Duncan for the determination of solubility 
product by radiometric titration. If a solution of volume Y, which contains N- ion 
at a concentration of [N-l,, is added to another solution of volume v,, which contains 
the radioactive ion M+ at a concentration of [M+& and which possesses a radioactivity 
of a, (impulses per minute), and if the solubility product is S = [M+][N-], where 
[M+] and [N-l are the equilibrium concentrations of M+ and N- ion with the precipi- 
tate MN, then according to Duncan, the equation 

Sv2 + vu,(2S - [N-l, . [M+],-,R} f- v:(S + [M+],,%(l - R)j = 0 (33) 
can be derived, where R = a/a,, and a is the residual activity of M ions in the solution 
after precipitation. The titration curve actually reflects the changes of R plotted 
against v. With the aid of equation (33) it is possible to calculate the value of S from 
any point along the curve. For details the reader is referred to the original paper. 

Zusammenfassung-Eine ubersicht von radiometrischer Titration 
wird gegeben. 

R&sum&On pr&sente une revue de titrage radiomcitrique. 
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COLORIMETRIC DETERMINATION OF VANADIUM 
WITH XYLENOL ORANGE 

OMORTAG BUDEVSKY* and RUDOLF P&L 
Analytical Laboratory, Polarographic Institute, Czechoslovak Academy of Sciences, 

Praha 1, J&k& 16, Cz~hoslova~a 

(Receiued 24 July 1963. Accepted 19 April X964) 

Summary-A highly selective calorimetric method for vanadium”, 
based on its colour reaction with Xylenol Grange, is described. In the 
presence of 1,2-diaminocyclohexanetetra-acetic acid (DCTA) this 
method is almost specific for vanadium, because other elements are 
screened, and do not interfere in moderate amounts. 

The well-known metallochromic indicator Xylenol OrangeIt (X0) has also been pro- 
posed for the calorimetric determination of a number of metals, including zirconium,a-5 
hafnium,g uranium,‘y8 iron,* bismuth,l~12 zinc,la cerium and rare earths,14 
niobium16s1V and, indirectly, for fluorine. l6 It is evident that Xylenol Orange shows 
but slight selectivity, except for the reaction with zirconium, which occurs in acidic 
solutions (05-1.0 M nitric acid). For other metals it can be used only in special cases, 
e.g., after separation of the respective metal, etc. 

Recently, two colour reactions of Xylenol Orange with vanadium have been de- 
scribed. Janou3ekl’ studied the reaction of vanadiumv at pH 4, and recommended it 
for the calorimetric determination of vanadium after its separation by ion exchange. 
Otomol* studied a similar reaction with vanadium~ at pH 2.8 in the presence of 
ascorbic acid. Some elements can be masked with fluoride, but high concentrations 
of fluoride interfere with the colour reaction. Strong complexing agents, such as 
ethylenediaminetetra-acetic acid (EDTA),l* ethyleneglycoltetra-acetic acid (EGTA), 
diethylenetriaminepenta-acetic acid (DTPA) and triethylenetetraminehexa-acetic 
acid (TTHA), completely suppress the colour reaction of vanadium with Xylenol 
Orange and therefore cannot be used for screening of interfering elements. We have 
found that 1,2-diaminocyclohexanetetra-acetic acid (DCTA) has only a very small 
effect on the colour reaction. Preliminary experiments have shown that conditions 
for a highly selective dete~ination of vanadiumv in the presence of DCTA are very 
simple. Our experience obtained in this respect is described in the present paper. 

EXPERIMENTAL 
Reagents 

O.OOlM solution of Xylenol Orange: Prepared by dissolving 083 g of about 80% reagent 
(Chemapol, Prague, Czechoslovakia) and diluting to 1 litre with distilled water. 

0.OSM DCTA solution: Prepared by dissolving 17.73 g of 1,2-diaminocyclohexantetra-acetic 
acid (Geigy, Basel, Switzerland) in 130-150 ml of hot IM sodium hydroxide and diluting it, after 
cooling, to 1 litre. 

0.0554 EDTA solution: Prepared by dissolving 18-61 g of ethylenediaminetetra-acetic acid 
disodium salt (Chemapol, Prague, Czechoslovakia) in 1 litre of water. 

2 x W4iW a~~n~~rn vanadate solirtion: 
Bmo, Czechoslovakia) in 1 litre of water. 

Prepared by dissolving 0.0234 g of NI-I,VO, (Lachema, 

* Present address: 
Sofia 13, Bulgaria. 

Bulgarian Academy of Sciences, Institute of General and Inorganic Chemistry, 
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Buffer solution (pH about 45): Prepared by dissolving 200 g of ammonium acetate in 200 ml of 
acetic acid and diluting to 1 litre. 

0*05&f solutions of salts of Ferrr, Al, Th, CoII, CrlI1, Bi, Cd, CeI”, La, Ca, Sr, Ba, Mg, MnlI, 
Sc, Pr, Nd, CulI, TlrIr, Nir’, Hg II, In, Ga, Tirv, Pb, UOp2-, CrOd2-, Moo,*-, solid tartaric acid, 
sodium fluoride, ammonium phosphate, citric acid and oxalic acid were used for the interference 
studies. 

All reagents were of reagent-grade purity. 

Apparatus 

Spectralgrating spectrophotometer: Jouan (Paris, France); 350-l 100 rnp. 
Pulfkich photometer with photoelectric attachement E&ho ZZ: (VEB Carl Zeiss, Jena, E. Germany). 
Recording spectrophotometer: Leres type T2D (Bagneux, Seine, France); 200-2500 mp. 
pH-meter with glass electrode: Multoscop V (Laboratorni ptistroje, Prague, Czechoslovakia). 
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FIG. l.-Absorption spectrum of the vanadiumv-Xylenol Orange complex for different 
excesses of Xylenol Orange : (1) X0 : V s+ = 1.5:1; (2) 2:l; (3) 4:l; (4) 1O:l. 

RESULTS AND DISCUSSION 

Structure of vanadiumv complex with Xylenol Orange 

In a slightly acidic medium and with a low concentration of Xylenol Orange (up 
to the ratio X0: Vs+ = 1: 1) an intense violet colour is formed with vanadiumv, but 
with higher concentrations the coloration is red-orange (Fig. 1). From the absorption 
curves it is apparent that a number of complexes can be formed, their formation 
depending on the total concentration of Xylenol Orange. The existence of two com- 
plexes has been proved by the molar ratio method, measuring the absorbance at 
520 rnp and 590 rnp (Fig. 2): one with a molar ratio of 1: 1 > V:(XO), and absorption 
maximum at 590 rnp; and a second with a molar ratio 1:2, V:(XO),, and absorption 
maximum at 520 mp.* The molecular extinction coefficients have been calculated 
from the above results (ehr,,, = 20,000 and +,, = 13,000), classifying this coloration as 

* A maximum at 430 rnp shows the probable existence of further complexes. This maximum 
disappears, however, after a few min. No other maxima have been observed in the ultraviolet region. 
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FIG. 2.-Influence of the excess of Xylenol Orange on the absorbance of the vanadiumv- 
Xylenol Orange complexes: 

O-590 rnp, 
O-520 rnp. 
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RG. 3.-Dependence of the absorbance of the v~diumv-XyIenol Orange complex on 
pH (1 @mole V5+; 5 pmole X0; 550 m&_ 

one of the most sensitive reactions for vanadium .I7 The coloration develops within 
30 set and remains stable for at least 24 hr. Absorbance measurements are carried 
out most conveniently at the isosbestic point (550 mp): the absorbance is independent 
of the quantity of reagent added only at the isosbestic point. The optimum pH-range 
for the formation of the complex is 3-5 (Fig. 3). 

From & detailed study of the colour reaction of vanadium with Xylenol Orange, 
it has been found that DCTA has some influence. In the presence of DCTA only one 
complex is formed-V(XO), (Fig. 4). The absorbance in the presence of DCTA 
depends on the pH up to 4.5. Above this value however, it is effectively constant. 
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The coloration develops slowly, reaching a maximum within 10 min after the addition 
of Xylenol Orange (at room temperature). The absorbance does not attain the same 
value found in the absence of DCTA, but it is reproducible under identical conditions. 
The decrease in absorbance corresponds to the concentration of DCTA. Furthermore, 
even DCTA bound to other metals affects, according to the metal involved, the absorb- 
ance of the colour reaction with vanadium. This is obviously because of the equi- 
librium between DCTA complexes. The results for vanadium were in all cases 

07 
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FIG. 4-Absorption spectrum of the vanadiumv-Xylenol Orange complex for different 
excesses of Xylenol Orange in the presence of DCTA: 

(I) XO:Vs+ = 1:l; (2) 3:l; (3) 5:l; (4) 1O:l; (5) 2O:l; (6) 3O:I; (7) 4O:l; (8) 5O:l. 

lower. The equilibrium can, however, be shifted completely in favour of the colour 
react& with vanadium by means of a considerable increase in the concentration 
of Xylenol Orange. With a 50-fold excess, the absorbance reaches about the same 
value as in the absence of DCTA (Fig. 4), and within certain limits of concentrations, 
it is quite independent of the nature of other metals present. It should be stressed 
that the absorbance at the isosbestic point (550 rnp) is Iess influenced by the presence 
of DCTA than is the rn~irn~ (520 rnp) of the absorption curve. Hence, we recom- 
mend that absorbance measurements in the presence of DCTA also be carried out 
at 550 mj.6. 

The calibration curve must always be constructed at the same concentration of 
DCTA and against a blank solution containing the same concentration of Xylenol 
Orange, In the presence of coloured ions we prepare a blank from an aliquot of the 
test solution, adding EDTA, which prevents the formation of all coloured metal com- 
plexes with Xylenol Orange. The influence of foreign ions has been ascertained by 
the following procedure. 
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To 5-10 ml of slightly acidic solution, containing S-50 pg of vanadium,v add 5 ml of 0.05M 
DCTA solution, 5 ml of buffer solution (pH 45) and 5 ml of O*OOlM Xylenol Orange solution, and 
dilute to 50 ml. After 10 min measure the absorbance of the solution on a spectrophotumeter at 
550 rnp or on a Pulfrich photometer in a 5-cm cell @her S 53) against the same concentration of 
Xylenol Orange, or against an aliquot solution to which the same amount of EDTA has been added 
instead of DCTA. The concentration of Xylenol Orange in this blank has also to bc maintained 
constant. 

Some results of the determination of vanadiumV in the presence of common ele- 
ments are given in Table I. 

TABLE I.-Determination of vanadiumv in the presence of other elements 

Foreign 
ion, 

pmole 

Molar 
ratio 

None - 
- 

FeS+ 100 
200 

APf 100 
150 

Ca2+ 100 
Mg=+ 100 
Sr*+ 100 
Ba2+ 100 
MnB+ 100 
Pb2+ 100 
Zn2+ 100 
Hga+ 100 
cu2+ 100 
Ni2+ 100 
BiS+ 100 
Ins+ 100 
Las+ 100 
scs+ 100 
NdS+ 100 
CrS+ 50 
Zr02+ 50 
TP+ 50 
PrS+ 50 
C02f 50 
Gas+ 12 
Th4+ 12 
Ti4+ 5 
uos*- 3 
CrOda- 100 
wo42- 5 
MoO,~- 0.4 
(NH&HPO,-50 mg 
Tartaric acid-50 mg 
Citric acid-50 mg 
Oxalic acid-50 mg 
NaF-50 mg 

- 
1:500 
1:lOOO 
1:500 
1:750 
1:500 
1:500 
1:500 
1:500 
1:500 
1:500 
1:500 
1:500 
1:500 
1:500 
1:500 
1:500 
1:500 
1:500 
1:500 
1:250 
1:250 
1:250 
1:125 
1:125 
1:62 
1:62 
1:25 
1:15 
1:500 
1:25 
1:2 

Vanadium V’+, pg 

Taken Found 

Differences, 

W 

10 
20 
30 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
20 
20 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 

9.3 
19.7 
30:7 
12.5 
12 
10.5 
11.58 
10.7 
10.5 
11 
12.5 
9.5 

10 
11.6 
11.5 
12b 
9.3” 

11 
9 

12 
10.6” 
9b 
9 
9.78-C 

10.7 
20.7b 
21~6~ 
11.3’ 
11.6’ 
10.3a*e 
9.8’ 

11.5b 
loaTe 
9.68 

10.3 
9.5 
9.5 
0.1 

11.5 

-0.7 
-0.3 

0.7 
2.5 
2 
0.5 
1.5 
0.7 
0.5 
1 
2.5 

-0.5 
0 
1.6 
1.5 
2 

-0.7 
1 

-1 
2 
0.6 

-1 
-1 
-0.3 

0.7 
0.7 
1.6 
1.3 
1.6 
0.3 

-0.2 
1.5 
0 

-0.4 
0.3 

-0.5 
-0.5 
-9.9 

1.5 

a Maximum ratio of V6+: Me. 
b Measured against the same concentration of the coloured ion and 5 ml of 0.05&f EDTA. 
c Previously boiled at pH 0.5. 
d In presence of 50 mg of tartaric acid. 
e In presence of 50 mg of (NH,),HPO,. 
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z- assung-Eine hochselektive kolo~ti~he B~ti~un~- 
methode fiir fade Vanadium auf Grund der Farbreaktion mit 
Xylenolorange wird beschrieben. In Gegenwart van 1,2-Diamino- 
~clohe~~tra~si~~ure (DCTA) ist diese Methode fiir Vanadin 
fast speziSsch, da alle Elemente maskiert werden und in m&lZgen 
Mengen nicht stiilen. 

Rt%utn&-Une methode colorimetrique trb selective pour le dosage 
du vanadium pentavalent bas& sur la reaction colorb qui se manifeste 
en presence d’orange de xylenol est decrite. En presence d’acide 
diamino-1,2-cyclohexane-t&rac&ique (DCTA) la methode est presque 
specifique du vanadium, car tous les au&es elements sont proteges et 
ne sont pas g&tants s’ils sont en quantite mod&e. 
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CONTRIBUTIONS TO THE BASIC PROBLEMS OF 
COMPLEXOMETRY-XV* 

DETERMINATION OF INDIUM AND GALLIUM IN THE PRESENCE 
OF EACH OTHER WITHOUT THE USE OF A SCREENING AGENT 

RUDOLF P~%BIL and VLADIMIR VESEL+ 
Analytical L&oratory, Polarographic Institute, Czechoslovak Academy of Sciences 

Praha 1, Jilskii 16, Czechoslovakia 

(Received 17 February 1964. Accepted 19 April 1964) 

Summary-The daerent complexation reaction of indium and gallium 
with ‘M’HA (triethy~enetetraminehexa-attic acid) is utilised for the 
complexornetric determination of these elements in mixtures. With 
EDTA and TTHA indium forms complexes of normal composition 
(1: 1); gallium, however, forms a 2: 1 complex with TTHA. To one 
aliquot of test solution an excess of EDTA is added, to another the 
same amount of TTHA. Both solutions, after adjustment of pH to 
5-5.5, are titrated with zinc solution using Xylenol Orange as indicator. 
From the consumption of zinc solution in the two titrations the 
amounts of indium and gallium are easily calculated. 

WHEN ~ystemati~~ly studying TTHA (triethylenetetraminehexa-acetic acid) as a titri- 
metric reagent we paid attention to the determination of indium and gallium in their 
mixtures. Today these elements are no longer considered as less common metals, 
because their practical importance in the electronic industry is steadily rising. Both 
elements can be easily determined by an EDTA titration, but not in the presence of 
each other, because with EDTA they form complexes of about the same stability 

(P&P = 24.9, pKGaY = 20.3). From previous experiments? we concluded that 
indium and gallium behave differently in complex formation with TTHA. Over the 
whole range of pH indium forms a complex of normal composition (1: I), while 
gallium under the same conditions forms only a 2: 1 complex (G%Y). This has now 
been utilised as the basis of a specific determination over a wide concentration range. 

Reagents 
EXPERlMENTAL 

0.05M TTHA x&&on. Prepared by dissolving 24.723 g of triethylenetetraminehexa-acetic acid 
(J. R. Geigy, Basel, Switzerland) in 100-120 ml of l&f sodium hydroxide with warming and diluting 
to 1 litre. The factor is controIled by titration against a weighed amount of metallic zinc (dissofved in 
nitric or hydr~~oric acid), using Xylenol Orange as indicator. It needs to he emphasis~ that 
TTHA forms a 2: 1 complex with zinc, and the eruption in the titration with zinc solution drops 
to one-half in comparison with that of EDTA. 

Solutions of indium undgalliwn. 
acid (I : 1). 

Prepared by dissolving the two metals in 20 ml of hot hydrochloric 

Other solutions and reagents include O.OSM EDTA, 005M zinc chloride, 1M hydr~hlo~c acid, 
solid urotropine and 05 % Xylenol Orange. 

Determimzfion of indium and Gallium with EDTA 

Indium can he titrated directly with EDTA in hot solution at pH 3-5, using Xylenol Orange as 
indicator; under the same conditions, however, gallium blocks the indicator. The sum of the two 

+ Part XIV: I*aZun&z, 1964, 11, 1197. 
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metals, can, therefore, only be- determined indirectly, e.g., at pH 5-5.5 with an excess of EDTA and 
back-titration by zinc solution and Xylenol Orange. 

Procedure 

To the acid solution containing gallium and indium, add a sufficient amount of 0.05M EDTA, 
adjust the pH to 5-5.5 with solid urotropine and heat nearly to boiling. After the addition of 
Xylenol Orange, titrate with 005M zinc solution to an intense red colour. 

TABLE I.--SIMULTANEOUS DETERMINATION OF INDIUM AND GALLIUM 

Taken, mg 

In Ga 

Back-titn., ml Back-titn., ml 

005M 0.05M 
EDTA Zn 

0.05M 0.05&f 
TTHA Zn 

Found, mg 

Inb Gac 

57.38 3.20 15.09 4.10 15.00 9.08 56.98 3.66 
5.14 31.96 20.13 9.87 15.00 18.82 5.30 32.56 

28.69 15.98 12.08 2.42 15.00 15.41 28.35 16.35 
5.74 3.20 5.03 3.08 5.00 7.05 5.68 3.34 

57.38 31.96 25.16 5.98 25.00 20.98 56.57 32.56 
114.76 3.20 25.16 4.19 25.00 =9& - 

5.14 63.92 25.16 5.90 15.00 9.69 5.96 63<2 

Difference, mg 
----- 

In Ga 
-______- 
-040 +0.46 
-0.44 to.60 
-0.34 +0.37 
-0.06 +0.14 
-0.81 +0.60 

- - 
+0.22 -0.40 

a High concentration of In. 
b In = [(EDTA - Zn) - Ga(in m1)]3.486 mg. 

c Ga = 2 
[ 

(EDTA - Zn) - 
( 
TTHA - ‘+ )I 5.738 mg. 

Procedure 
Determination of Indium and Gallium with TTHA 

To another equal aliquot of the test solution add the same amount of 0.05M TTHA as EDTA used 
above, then carry out the back-titration with zinc solution as previously described. 

Calculations 

First titration. The sum of gallium- and indium-EDTA complexes corresponds to the consumption 
of A ml of 0.05M EDTA. 

Second titration. Let the sum of gallium- and indium-TTHA complexes correspond to the 
consumption of B ml of 0.05M TTHA. In both cases the consumption is calculated on the basis of 
a back-titration of excess EDTA or TTHA with zinc solution. (In the second titration zinc forms 
a 2: 1 complex with TTHA and its consumption is twice that compared with EDTA.) 

For determination of the total consumption of TTHA to complete complexation of gallium and 
indium, the consumption of the zinc solution has to be divided by two. This means that the con- 
sumption of gallium in the analyzed solution equals 2(A ml of 0.05M EDTA - B ml of 0.05&f TTHA). 

1 ml 0.05M EDTA (TTHA) = 5.380 mg of indium or 3.486 mg of gallium. 

DISCUSSION 

The above method of determination of indium and gallium is given intentionally 
for their pure solutions, because the principle of their determination is quite new. 
The application of this method opens new possibilities for the determination of indium 
and gallium, even in the presence of other elements which may be present in different 
materials of practical importance (alloys, semiconductors, monocrystals of the Ga- 
In-As system, etc.). Because indium forms only a 1: 1 complex with TTHA, while 
other heavy metals, such as zinc, cadmium, lead and copper, form 2: 1 complexes, 
the determination of indium can be carried out in a similar way to that described in 
this paper. On the other hand, however, gallium can be determined by the “double 
titration” in the presence of all metals forming 1: 1 complexes with TTHA. 
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Zusannnenfassnng-Die verschiedene Komplexbildung von Indium 
und Gallium mit EDTA und TTHA (Triathylentetraminhexaessigsaure) 
wird zur komplexometrischen Bestimmung beider Elemente nebenein- 
ander verwertet. Indium bildet mit EDTA und TTHA 1: I-Komplexe, 
Gallium jedoch mit TTHA einen 2: 1-Komplex. Die Methode beruht 
auf folgendem: Zu einem aliquoten Teil der Losung wird iiberschtissige 
EDTA gegeben, zu einem andern dieselbe. Menge TTHA. Beide 
Losungen werden nach Einstellung des pu auf 5-5.5 mit Zinkliisung 
und Xylenolorange als Indikator titriert. Aus dem Zinkverbrauch 
bei beiden Titrationen 1S.Q sich die Menge von Indium und Gallium 
leicht berechnen. 

R&urn&-On ulitise les reactions de complexation differentes que 
domrent l’indium et le gallium avec I’EDTA et le TTHA (acide 
triethylenetetramine hexac&ique) pour le dosage complexometrique 
des deux elements dans leurs melanges. L’indium forme avec I’EDTA 
et le TTHA des complexes de composition normale 1: 1, cependant 
que le gallium forme, avec le TTHA, un complexe 2: 1. La methode 
est basee sur le mode operatoire suivant: a une partie aliquote de la 
solution, on ajoute un exc& d’EDTA, et a une autre la meme quantite 
de TTHA. On dose les deux solutions, a&s avoir aiuste le DH A 
5-5,5, au moyen dune solution de zinc en p&ence de x$nol otange. 
On peut aisdment calculer les teneurs en indium et gallium a partir des 
quantites de solution de zinc consommQs dans les deux dosages. 

REFERENCES 

1 R. Piibil and V. Veself, Talanta, 1962.9, 933. 
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SEMI-MICRO DETERMINATION OF SILICON 
AND PHOSPHORUS IN FLUORINATED 

ORGANIC MATERIALS 

A. J, C~STOP~, T. R. F. W. FENNELL@ and J. R. WEBB 
Royal Aiiaft Estab~s~ent, Pamborough, Wants., England 

(Receiued 4 March 1964. Accepted 16 April X964) 

S--A method for the calorimetric determination of silicon and 
phosphorus in fluorinated organic compounds is outlined. After 
minerahsation of the material bv fusion with sodium neroxide. silicon 
is determinad as siliwmolybdenum blue and phospho& as phospho- 
vanadomolybdate. Mean recoveries of 101*3% (standard deviation 
164) for silicon and lOO*P% (standard deviation 2.02) for phosphorus 
were obtained. 

IT was suggested in an earlier publication1 that the interference by fluorine in the 
determination of silicon in organic materials could be overcome by the addition of 
boric acid before precipitation of silica. This was later found to be not universally 
applicable, especially when larger quantities of fluorine were present. 

It was known that fluorine could be determined in compounds containing silicon2 
and/or phosphorus3t4 and that phosphorus could be determined in compounds 
containing fluorine5 and/or silicon.r Schwarzkopf and Henlein2 proposed two 
procedures for the determination of silicon in fluorinated organic compounds. 
Neither could be used if phosphorus was also to be determined, because phosphate 
is precipitated with lead chlorofluorideS and with oxine silicomolybdate.6 The methods 
for determination of silicon in the presence of fluorine proposed by Shell and Craig’ 
and by Hare1 et aL8 were considered inappropriate for adaptation. 

PRELIMINARY INVESTIGATIONS 

Separation of silica after complex& fluoride with aluminiumg was moderately 
successful, but insufficiently reliable for the present purpose. Determination of 
silica after precipitation of calcium fluoridexo*lr was moderately successful but 
tedious. Separation of silicate from fluoride with zinc oxidel” was found to give the 
required precision. 

The above procedures depend on the gravimetric determination of silicon as 
silica, with its attendant poor ~avimet~c factor and tendency to produce slightly low 
results. Chumachenko and Burlaka13 have suggested that an empirical factor might 
be used to overcome the latter defect, but this expedient is hardly justifiable. Improved 
gravimet~c factors are achieved by pre~pitation of silicon as the sili~omolybdate of 
an organic base, but such complexes are slightly soluble, and the phosphomolybdates 
are SimultaneousIy precipitated. In spite of a statement to the contrary:* it was 
found that the precipitation of the quinoline-silicomolybden~ blue complex was 
also accompanied by quantitative precipitation of the phospho complex. In the 
absence of phosphate, this was found to be an excellent method for silicon deter- 
mination, although an empirical factor (0.0117) had to be used. 

1323 
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Greenfield15 has proposed a calorimetric method for determination of silicon in 
minerals containing phosphorus and fluorine. Silicomolybdate is reduced under 
rigorously controlled conditions without reduction of phosphomolybdate. It was 
confirmed that no interference was caused by the amounts of fluorine and phosphorus 
that might be expected to occur with the silicon in organic compounds. 

A calorimetric procedure, using the phosphovanadomolybdate complex, was 
l6 recommended by Dunn for determination of phosphorus in organic compounds. 

It was established that no interference was caused by the quantities of fluorine and 
silicon expected (c$ Lew and Jakobl’). 

Analysis of organic materials 

EXPERIMENTAL 

Using our usual technique for peroxide bomb fusion,6 incomplete decomposition of some organo- 
silicon compounds has occurred, but it has been found that fusion with sodium peroxide in a nickel 
“fluorine” bomb’* at 500” is effective. This technique, although possibly not essential, was used in 
this work. 

Using triphenylsilanol as a standard compound, low recoveries of silicon were obtained if 
Greentield’s procedure was applied directly to the bomb leachings. Satisfactory recoveries were, 
however, obtained when Wilson’s methodIs for complete conversion to orthosilicate was applied to 
the bomb leachings before determination of silicon. 

Place a little sodium peroxide in the bottom of a “fluorine” bomb, and add the weighed organic 
sample, containing l-5 mg of silicon and l-4 mg of phosphorus, followed by sufficient sodium 
peroxide to give a total of 1 g of peroxide. Seal the bomb, and heat it in a muWe furnace at 500” 
for 15 min, swirling the molten contents after 10 min and also when the bomb is removed from the 
furnace. 

Cool and open the bomb, washing any peroxide adhering to the cap into a platinum dish. Wipe 
the outside of the bomb with a clean tissue, and lay it on its side in the platinum dish. Add water 
until the bomb is half covered, place a watch glass over the dish and heat on a hot-plate, occasionally 
rolling the bomb gently, until effervescence ceases and the solution comes to the boil. Remove the 
dish from the hot-plate and allow to cool. Rinse the underside of the watch-glass and the bomb, 
collecting the washings in the dish. 

Run 9 ml of 4M hydrochloric acid into a 250-ml Polythene beaker, and pour the alkaline contents 
of the dish into the acid, stirring well. Rinse the dish, collecting the washings in the beaker. 

Add 15 ml of 1 M sodium hydroxide solution and allow the solution to cool. Adjust the pH back 
to 7 with 2M hydrochloric acid, using a pH meter. Add 340 ml of 4M hydrochloric acid from a 
burette, stir well and allow to cool. Filter the contents of the beaker through a paper-pulp pad into 
a 250-ml volumetric flask, rinse the beaker and pad, and dilute to the mark with water. Transfer the 
sample solution to a Polythene bottle. 

Into each of two dry 250-ml beakers, marked “test solution” and “compensating solution”, 
pipette 50 ml of 1% ammonium molybdate solution. Then make the additions shown in Table I 
after the times indicated: 

TABLE I 

Time, 
min Test solution Compensating solution 

0 20 ml of sample solution 60 ml of 1 + 1 HCl (burette) followed immediately by 
10 ml of 1% SnCl, (pipette) and 20 ml of sample 
solution (pipette) 

5 60 ml of 1 + 1 HCl (burette) - 

15 10 ml of 1% SnCl, (pipette) - 

Transfer a portion of each solution into a 5-mm spectrophotometer cell. 

20 Measure the optical density, at 800 mp, of the “test solution”, against “compensating 
solution” as blank. 
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Compute the silicon content of the sample by reference to a calibration curve prepared from 
standard silicate solution* added to acidified blank bomb leachings, and put through the analytical 
process. 

To a 100-ml volumetric flask add 20 ml of sample solution, about 20 ml of water and 5 ml of 
vanadomolybdate reagent?; make up to the mark with water. 

Similarly, prepare a blank solution by substituting 20 ml of acidified blank bomb Ieachings for 
the sample solution. 

Allow to stand for 20 min, then measure the optical density, at 420 mp, of the sample solution 
against the blank in 2-cm cells. 

Compute the phosphorus content of the sample by reference to a calibration curve prepared from 
standard phosphate solutiont added to acidified blank bomb leaching and put through the arialytical 
procesS. 

RESULTS 

Table II shows the results obtained for the anaIysis of triphenylsilanol and a 
selection of research compounds containing silicon and phosphorus, some also 
containing iktorine. 

TABLE II.-ANALYSTS OF ORGANIC COMPOUNDS 

Sample wt., 
Silicon, % Phosphorus, % Fluorine, % 

Compound - -~ -~-I 
V Calc. Found Calc. Found Calc. 

ClsHlaO Si 1964 10.14 10.39 - - - 
25.68 1040 
28.56 10.12 
29.68 10.28 
30.73 10.28 
4005 10.34 

G$&&%P 13.25 1460 15.02 8.05 8.46 - 
30.47 14.57 7-75 

C&IzsOsSi P 27.53 10.39 1053 11.46 1144 - 
27.77 IO.51 Il.45 

CdMG%P~ 31.27 729 7.36 8.04 8.06 - 
39+.+0 7.21 7.89 

C&&OJ%P x.5*54 14.46 14.54 7.97 8.43 9.8 
17.31 14.27 8.20 

GoHa7PeOaSiaP 24.05 12.52 12.68 6.90 7.11 8.4 
27.91 12.36 7.13 

C~~H~*F~*O*Si~P* 4271 493 5.13 544 5.34 46.7 
49.05 5.18 5.36 

DISCUSSION 

Mean recoveries, calculated from the results in Table II, are : for silicon 101-3 % 
(standard deviation 1.64, 18 determinations); for phosphorus 100*9% (standard 
deviation 3.02, 12 determinations). In spite of the possible existence of a positive 
bias in the method, and the tendency for some results to fall outside the normally 

* Fuse 2 g of precipitated silica with 12 g of anhydrous sodium carbonate. Leach the cooled 
melt with water. Filter the resulting solution and dilute the filtrate to 1 litre. Store in a Polythene 
bottle. Standardise this solution gravimetrically.2e 

t Prepamrion: Dissolve 1-6 g of ammonium vanadate and 50 g of ammonium molybdate in 
700 ml of water at about 60”, filter if not completely clear, and allow to cool. Add cautiously, with 
stirring, 150 ml of concentrated sulphuric acid, allow to cool and dilute to 1 litre with water. 

$ Dissolve 87.86 mg of KHaPOI, dried at 105” for 1 hr, in water, and dilute to 1 litre. 
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accepted limits (f0.3 % absolute) for analysis of organic materials, we consider that 
these results are reasonable for these types of compound. 

Attempts to determine fluorine, by the method of Belcher and West,20 in a further 
portion of the solution obtained from the bomb leachings, met with limited success. 
Use of one of the methods proposed by Belcher and West21 for larger quantities of 
fluorine, thus allowing larger portions of the leach solution to be taken, may be 
more successful. 
Acknowle&emen&-We are grateful to Midland Silicones Ltd. for the sample of triphenylsilanol and 
to Mr. E. J. P. Fear and Dr. I. M. White for the other samples. 

Zusammenfassung-Eine Methode zur kolorimetrischen Bestimmung 
von Silicium und Phosphor in fluorierten organischen Verbindungen 
wird skizziert. Nach Aufschl~ des Materials durch Natriumperoxyd- 
schmelze wird Silicium als Silicomolybdanblau und Phosphor als 
Phosphovanadomolybdat bestimmt. Mittlere Ausbeuten von 101,3 % 
(Standardabweichung l&i) fiir Silicium und 100,9x (Standard- 
abweichung 2,02) fiir Phosphor wurden erhalten. 

RCum&-On presente une mdthode de dosage colorimetrique du 
silicium et du phosphore dans les composes organiques fluorts. Apres 
minbalisation du produit par fusion avec le peroxyde de sodium, on 
dose le silicium a l’etat de bleu de silicomolybdene, et le phosphore a 
l’ttat de phosphovanadomolybdate. On retrouve en moyenne 101,3 “i, 
(&cart type 1,64) de silicium et 100,9 % (&art type 2,02) de phosphore. 
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Summary-Differential thermal analysis can be used to identify metal 
carbides, nitrides and sulphides in the residues which can be chemically 
or electrochemically extracted from steels. Different dynamic gases can 
be used to produce different thermal responses, which will further aid 
in the identification. Monitoring changes in the thermal conductivity 
and/or composition of the effluent gas can also aid in this identification. 
Preliminary experiments in detecting changes in the composition of 
the effluent gas by thermal-conductivity measurement, selective 
absorption and coulometric titration indicate that quantitative 
determination of inclusion compounds extracted from steel is possible. 
However, the design of the sample holder must be improved to 
eliminate gas leaks and temperature differences between the reference 
and effluent gases. Future work will also be directed towards de- 
veloping methods for quantitatively determining specific non-metallic 
compounds in mixtures extracted from steels. 

INTRODUCTION 

FOR many years the effect of carbide and nitride compounds on the physical and 
mechanical properties of steel has been recognised. For example, strain-aging, a 
phenomenon associated with the precipitation of iron nitride in steel, can be pre- 
vented by the addition of aluminium or vanadium, which preferentially combine with 
the nitrogen to form aluminium or vanadium nitride .lta The precipitation of carbides 
is known to hinder crystal growth and thereby effect a fine microstructure and 
increased tensile strength .3 Intergranular corrosion of stainless steels may be caused 
by depletion of chromium at the grain boundaries because of the formation of 
chromium carbide. To prevent this depletion, niobium or titanium is added to form 
a carbide in preference to that of chromium .* Variations in many other mechanical 
properties, such as hardenability, yield strength, toughness and brittleness, have been 
associated with the presence of compounds such as nitrides, carbides, oxides and 
sulphides. The analysis of steel for these compounds can, therefore, be used to aid in 
the development of steels with improved physical and mechanical properties. 

Mixtures of compounds are isolated from steel by techniques such as electrolytic 
extraction,5 acid extraction,6 direct halogenation’ and halogenation in an ester or 
alcohol medium.*~g Chemical analysis of these mixtures for specific compounds is 
difficult and sometimes impossible. Separations based on solubility in a specific 
reagent are not always satisfactory because the rates of solution of many of these 
compounds are not sufficiently different. Furthermore, reliable information on the 
rate of solution of many of these compounds is not available. Finally, analysis 
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for these compounds is often complicated by their existence as very fine particles 
(10 rnp or less), which cannot always be isolated by normal filtration or separation 
techniques.10~11~12 

The oldest method used for identification of compounds in steel is optical micros- 
copy. Visual identification, can, however, lead to errors. Also, with this technique 
very fine particles cannot be seen because of insufficient resolution. In recent years 
more precise methods, such as X-ray diffraction, electron diffraction and electron 
microscopy, have been employed in conjunction with chemical-isolation and plastic- 
replication techniques. Although the qualitative information gained by the use of 
these instruments is more reliable, fine particles of titanium nitride, titanium carbide 
and titanium carbonitride cannot be differentiated because of their similar crystal 
structures. Furthermore, the methods are only semiquantitative. 

Because the design of apparatus for differential thermal analysis (DTA) and 
effluent gas analysis (EGA) has recently been improved,13J4115 these techniques 
seemed applicable to the analysis of mixtures of compounds that are chemically 
extracted from steel. 

In the initial work characteristic DTA curves for some of the compounds were 
obtained from commercially prepared synthetics, then inclusions were separated by 
weak-acid dissolution or anodic dissolution of the steel matrix and filtration of the 
residue through a lo-rnp pore size filter. The DTA-EGA results on some titanium 
compounds extracted from steel were compared with chemical and X-ray diffraction 
results. 

Apparatus 
EXPERIMENTAL 

A Model 12BC, DTA-EGA apparatus, manufactured by the R. L. Stone Co. of Austin, Texas, 
U.S.A., was used for the experiments. The EGA unit was modified by replacing the conductivity 
cell with a Gow-Mac Model JDC-133 microvolume thermistor detector immersed in a thermally 
insulated oil bath. A Gow-Mac Power Supply Model 9999-Dl was used with this cell. A Pyrex 
Millipore filter holder, containing a 47-mm Type VF Millipore filter disk (lo-rnp pore size), was used 
for collection of the inclusions extracted from the steels. 

Reagents 

Commercially prepared titanium carbide, titanium nitride, titanium carbonitride, zirconium 
carbide, zirconium nitride, niobium carbide and niobium nitride were used for the preliminary 
experiments. The identification and purity of these compounds were established by X-ray diffraction 
and chemical analysis. 

The experimental steels used for this study contained titanium and one or more of the elements 
nitrogen, carbon and sulphur, as shown in Table I. The steels were prepared by vacuum melting so 
that very little oxygen would be present. 

Procedure 

DTA data were obtained by introducing l-3 mg of sample into an R. L. Stone Model SHIA or 
SH9A sample holder equipped with platinum-cup thermocouples. The heating rate was lO”/min, 
and the thermograms of the difference in response between the reference and sample thermocouples, 
(AT, versus the furnace temperature) were recorded at &, and 1X6 of the maximum sensitivity setting 
of the instrument for the commercial compounds and the extracted compounds, respectively. Oxygen 
flow rates of 5 and 40 ml/min were used for the extracted and the commercial compounds, respectively. 
Reagent-grade alundum, containing more than 95 % of u-alumina, was used in the reference 
thermocouple. 

EGA data were obtained by introducing a weighed sample (ca. l-3 mg) to an R. L. Stone Model 
SHl2BP sample holder equipped with platinum-cup thermocouples, and recording the difference in 
thermal conductivity of the effluent gases from the reference and sample sides (Ak). The attenuator 
was set at & the maximum sensitivity for the EGA recording unless otherwise shown. The oxygen 
gas flow was 5 ml/min through the reference side: it varied from 5 to 85 ml/min in the sample side 
of the EGA apparatus. The heating rate was 10”/min. 
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TABLE l.-PERCENTAGE COMPOSITION OF EXPERIMENTAL STEELS~ 

Element 
Steel sample 

A B C 

C 0.22 0.21 0.049 
Mn 0.015 <O.Ol 1.38 
P 0.005 0.003 o-009 
s 0.005 O-062 0.004 
Si 0.017 0.006 0.052 
Ni 0.036 0.027 0.036 
Cr 0.012 <0.002 0.010 
Ti 0.50 0.53 0.37 
Sol. Al 0.004 0.003 0034 
Insol. Al 0.003 to.002 0.002 
N o-002 0.001 0.019 

a to-005’k of Cu, MO, V, Zr, Nb or Ta; t0.0005’~ of B. 

Titanium compounds were extracted from 5-g samples of the experimental steels by dissolving 
the steel matrix in 3 % hydrochloric acid at 50” or by dissolving the steel anodically in a solution of 
12.5 % sodium citrate, 0.5 % sodium thiocyanate, 1% potassium bromide and 0.01% hydrazine. 
The solution was filtered through a lo-rnp filter. One mg of the inclusion residue was scraped from 
the filter, weighed on a Cahn microbalance and introduced into the DTA apparatus. For several 
tests, the sample was introduced into the test apparatus with the portion of the filter on which it had 
been collected. One mg of residue was about .#h of the inclusions isolated from steel samples A and 
B and &th of the inclusions isolated from sample C. 

The titanium-bearing steels were also chemically analysed for titanium compounds to provide a 
comparison for the DTA-EGA results. Because the chemical analysis did not require filtration 
(see Appendix), none of the very fine inclusions of titanium compounds were lost. The chemically 
extracted titanium compounds were identified by standard X-ray diffraction techniques after collection 
on a IO-rnp filter. 

RESULTS AND DISCUSSION 

Thermograms of synthetic compounds 

Characteristic thermograms were consistently obtained for the carbides and 
nitrides of titanium, zirconium and niobium (Fig. 1). Because the peak temperatures 
and the shapes of the thermograms are different for corresponding carbides and 
nitrides, these compounds can be distinguished in a residue containing these non- 
metallic compounds. 

Often steels do not contain pure titanium carbide or pure titanium nitride, but 
rather titanium carbonitride (nitrogen-bearing titanium carbide or carbon-bearing 
titanium nitride of indefinite formula). The thermogram of a commercially prepared 
titanium carbonitride compound, containing 10% of nitrogen, 5% of carbon and 
85 % of titanium (Fig. 2), has some of the thermal characteristics of both the titanium 
carbide and the titanium nitride. Differences in the shapes of the titanium carbonitride 
thermogram permit identification of the carbonitride in the presence of either the 
carbide or the nitride. 

Thermograms produced by dlyerent dynamic gases 

In the thermograms for titanium carbide, titanium nitride and zirconium nitride 
in steam (Fig. 3) the peak temperatures are lower than those obtained in oxygen. 
The peak itself is higher for each of the two nitrides, but lower for the carbide. 
Substituting helium or vacuum for oxygen changes the type of reaction from com- 
bustion to decomposition and thus changes both the DTA and the EGA curves. 

5 
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FIG. l.-DTA recordings for carbides and nitrides of titanium, zirconium and 
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FIG. 2.-DTA recording for titanium carbonitride (85 % of Ti, 5 % of C, 10 % of N 
by weight) (oxygen as dynamic gas). 
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FIG. 4.-DTA-EGA recordings for different amounts of titanium carbide (oxygen 
as dynamic gas). 
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This illustrates another aid in the qualitative identification of mixtures of non-metallic 
compounds extracted from steel. 

EGA response for titanium carbide 

Fig. 4 shows the DTA and EGA curves for the combustion of 1, 2 and 3 mg of 
titanium carbide with oxygen as the dynamic gas in the sample and reference sides of 
the microvolume thermistor detector. The area above the dotted line represents the 
difference in thermal conductivity between oxygen containing carbon dioxide from 
combustion of the sample and pure oxygen from the reference side. The EGA base 
line drifted because of a temperature imbalance between the reference gas and the 
sample gas and a continuously changing gas flow rate in the sample side of the 
thermistor. A plot of the area representing the thermal-conductivity response against 
the amount of titanium carbide (Fig. 5) shows that, in spite of the base-line drift, 
good quantitative results are obtained. Elimination of the temperature imbalance 

AREA UNDER EGA PEAK OF CO, 

FIG. 5.-Amount of titanium carbide versus relative area under EGA curves 
(planimeter reading) for carbon dioxide (oxygen as dynamic gas). 

between the reference and sample gases and the sample-holder leaks that contribute 
to the changing flow rates should improve the base line. 

TABLE II.-ANALYSIS OF INCLUSIONS 

Chemical results, % X-ray results 
Estimated from 

steel DTA-EGA curves 
sample Ti as Ti as Ti as 

TiN or TiC,N, TiS TiC Major Minor Major Minor 

A 
B 
C 

0.003 0.000 0.45 TIC 
0.000 0.080 0.37 TiC 
0.053 0~000 0.35 TiC 

TiN 
y-T&S 
None 

detected 

TiC TiN 
TiC y-Ti,S 
TIC TiC,N, 
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Thermograms of inclusion residues separated from steels by acid extraction 

Although the differential thermograms of the residues extracted with weak 
hydrochloric acid from the titanium-bearing steels are more complex than those for 
the commercial compounds (Figs. 6,7 and S), they had thermal peaks that agreed with 
the chemical and X-ray analyses of the residues (Table II). All three steels contained 
titanium carbide, and the thermogram of each steel showed a titanium-carbide peak. 

AT I 
Ak 

MILLIPORE 

. 

)tv lop 
L 

l. 
I 

DT*&iN&pTY L 

, t I I 

/ 200 300 600 700 600 

FIG. 6.-DTA-EGA recordings of membrane filter and a 1-mg sample of inclusions 
extracted from Steel A by weak-acid dissolution (oxygen as dynamic gas). 

In addition, a thermal peak in Fig. 7 corresponds to the gamma dititanium sulphide 
in Steel B, and a thermal response in Fig. 8 corresponds to titanium carbonitride in 
Steel C. One noticeable difference in the thermograms is that the thermal peak for 
titanium carbide shifted from 500” for the commercial compound (Fig. 1) to 450” 
for the compound extracted from steel (Figs. 6-9). This shift is probably caused in 
part by a difference in particle size of the two titanium carbides; some of the com- 
mercial powder was 10,000 times larger than that extracted from the steel. A second 
possible explanation is that small amounts of other compounds in the crystal structure 
of the extracted titanium carbide lowered the reaction temperature. The thermal 
peaks for the titanium nitride in Fig. 6, for the gamma dititanium sulphide in Fig. 7 
and for the titanium carbonitride plateau in Fig. 8 have also shifted. 

All three differential thermograms show peaks for compounds that could not be 
definitely identified as titanium compounds and that might have been more complex 
titanium compounds or compounds containing no titanium. In addition, the doublet 
peaks for the titanium carbide in Figs. 7 and 8 were almost exactly reproduced on four 
separate thermograms of residues from two different acid extractions. Chemical 
tests show that carbon dioxide was evolved at each peak in the doublet. No other 
carbide-forming elements were present except titanium and iron. Therefore, the 
doublet is apparently related to the structure or the particle size of the titanium 
carbide. 
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FIG, 7.-DTA-EGA recordings for 1-mg sample of inclusions extracted from 
Steel B by weak-acid dissolution (oxygen as dynamic gas). 

AT 

Ak 

, I 
’ ,TiC’ 

/ I / 

I I t I I I I 

200 300 400 500 600 700 800 
TEMPERATURE, *C 

FIG. 8.-DTA-EGA recordings for I-mg sample of inclusions extracted from 
Steel C by weak-acid dissolution (oxygen as dynamic gas): 

--- EGA, 
-- DTA, 
,_._ contribution of TiC,N, to TIC peak. 
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Because the DTA-EGA response for combustion of the Millipore filter occurs 
below 300” (Fig. 6), the filter containing the residue can be introduced directly into 
the apparatus with no interference in the analysis at temperatures greater than 300”. 
No EGA response corresponds to the DTA peak of the titanium nitride with oxygen 
as the dynamic and reference gas in Fig. 6. This indicates that decomposition of the 
compound releases nitrogen which has a similar thermal conductivity to that of 
oxygen and therefore causes very little EGA response. This effect can be used to 

I I 1 I I I I 

AT 

Ak 

I I I I I I I 
100 200 300 400 500 600 700 600 

TEMPERATURE, ‘C 

FIG. 9.-DTA recording of membrane filter and inclusions extracted from Steel B 
by anodic dissolution of sample (oxygen as dynamic gas). 

differentiate between nitrides and carbides. Because only about O-019 mg of titanium 
nitride was present in the sample-holder, the DTA sensitivity was changed from 
&th to $th maximum at 600” so that a recognisable peak would be recorded. The 
sensitivity setting of only 4 demonstrates that very small amounts of these compounds 
can be detected when no DTA interference is present. 

The nitrogen found by chemical methods in the residue from Steel C was not 
present as TiN because the DTA peak for this compound in Fig. 6 is not present in 
Fig. 8. A plateau from 520 to 700” appears to fit Tic&N,, and a broad thermal 
response from 300 to 500” is characteristic of TiC,N, (see Fig. 2). A sharper titanium- 
carbide doublet peak is superimposed on the broad titanium carbonitride thermal 
response. 

No attempt was made to calculate quantitative values for the titanium carbide in 
the three steels from the EGA curves because of the temperature imbalance in the 
gases from the sample and reference side and the gas leaks in the sample holder. 
However, rough estimates from assumed base lines seem to indicate that quantitative 
analysis of the inclusion residue can be based on the thermal conductivity of the 
effluent gas stream. Other methods of measuring changes in the composition of the 
effluent gas were also tried in a preliminary manner. Among those which seem useful 
are the following: 

1. The removal or determination of carbon dioxide by absorption on a preweighed 
bulb of asbestos impregnated with sodium hydroxide. 
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2. 

3. 

The removal or determination of sulphur dioxide in the eflluent stream by 
reaction with a solution of potassium permanganate. 
The determination of microgram quantities of sulphur dioxide selectively and 
continuously by a coulometric technique wherein iodine is ele~trol~i~lly 
generated. 

In addition, these ex~~ments and other published work indicate that selected 
fractions of the effluent gas could be analysed by gas ~hromato~aphy and mass 
spectrometry. 

Eflect of method of extraction of inclusion compounds 

Inclusions were extracted from Steel B by weak-acid dissolution and by anodic 
dissolution in the modified sodium citrate solution. The thermal peak for gamma 
dititanium sulphide is higher for the residue from the anodic extraction (Fig. 9) than 
for the residue from the weak-acid extraction (Fig. 7). Most of the gamma dititanium 
sulphide apparently dissolves under the conditions used for the acid extraction. This 
illustrates the impo~ance of selecting the appropriate method of chemical isolation 
for specific inclusion compounds. Even low rates of solution are important because 
very small quantities of the fine particles, with a correspondingly large surface area, 
may be exposed to a dissolution medium for several days. This effect is demonstrated 
in Table II by the titanium stilphide results for Steel B, which were obtained from the 
difference in sulphur determined by the combustion and evolution methods. Very 
little titanium sulphide was dissolved in the few minutes necessary to evolve hydrogen 
sulphide in the evolution method, whereas nearly all of the gamma dititanium 
sulphide was dissolved in a more dilute solution of hydrochloric acid in the 2 days 
required to dissolve the matrix. Finally, the additional peaks and exothermic areas 
in Fig. 9 are from other compounds and phases in the steel, such as iron and man- 
ganese carbides and sulphides, which are chemically stable in the anodic citrate 
medium but not in the dilute acid medium. 

APPENDIX 
The following is a summary of the chemical methods used to determine the amount of the various 

forms of titanium in the titanium-bearing steels: 
1. Dissolve a steel sample in warm 3 % sulphuric acid, remove iron by mercury-cathode electrolysis, 

allow ~di~oived TiC, TiN, TiS and TiOs to settle, and determine the titanium in the solution 
by the ~roxytit~ic acid photometric method. The result represents the titanium in solid 
solution with iron in the steel (i.e., titanium nat combined with carbon, nitrogen, sulphur or 
oxygen). 

2. Dissolve a second steel sample in hydrochbric acid, add perchloric acid and evaporate the 
solution to fumes of perchloric acid to dissolve all titanium compounds but TiO,. Remove 
iron by mercury-cathode electrolysis, allow any TiO, to settle and determine the titanium in 
the soiution by the peroxytitanic acid photometric method. The results represent the titanium 
in solid solution in the steel plus the titanium combined with carbon, nitrogen and sulphur. 
The difference between the titanium results obtained by procedures 1 and 2 represents the 
titanium combined with carbon, nitrogen and sulphur. 

3. Determine sulphur by the evolution and combustion methods. The difference in the sulphur 
results obtained by these two methods (evolution is lower) represents the sulphur associated 
with the titanium and is arbitrarily calculated to TiS (the common form). 

4. Dissolve a steel sample in 3 % hydrochloric acid at 50” and determine the nitrogen present as 
iron nitride, aluminium nitride and in solid solution by the micro Kjeldahl photometric method. 
Dissolve another sample with potassium sulphate-sulphuric acid, heat to fumes of sulphuric 
acid and determine nitrogen by the same method. The difference in the nitrogen results is the 
nitrogen present as TiN. 

5. Subtract the titanium present as TiN and TiS from the titanium value determined in procedure 
2. The difference is assumed to be titanium present as Tic. 
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Zosammenfassmq-Mit der Diferentialthermoanalyse karm man 
Metallcarbide, -nitride und -sulfide in den Rtickstanden identitizieren, 
die chemisch oder elektrochemisch aus Sttilen gewonnen werden 
kiinnen. Mit verschiedenen Triigergasen lassen sich verschiedene 
therm&he Effek’te erzielen, die bei der Identitizierung weiterhelfen. 
Auch Messung von Ver%nderungen der Warmeleitfahigkeit und/oder 
Zusammensetzung des ausgetriebenen Gases kamr dabei von Nutzen 
sein. Vorllufige Experimente zur Feststellung von Arrderungen der 
Zusarnmensetzung des ausgetriebenen Gases durch Wlrmeleitfahig- 
keitsmessung, selektive Absorption und coulometrische Titration 
zeigen, da0 die quantitative Bestimmung aus Stahl extrahierter 
eingeschlossener Verbindungen miiglich ist. Die Konstruktion des 
Probenhalters jedoch mul3 noch verbessert werden, urn Gaseinbrtiche 
und Temperaturdiiferenzen zwischen Vergleichs- und ausgetriehenem 
Gas zu verhindern. Weitere Arbeiten werden femer zum Ziel haben, 
Methoden zur quantitativen Bestimmung bestimmter nichtmetallischer 
Verbindungen in aus Stahl extrahierten Mischungen zu entwickem. 

R&sum&On peut utiliser l’analyse thermique differentielle pour 
identifier les carbures, nitrures et sulfures metalliques dam les residus 
qui peuvent Qtre extraits chimiquement ou electrochirniquement des 
aciers. On peut utiliser differents gaz dynamiques pour produire 
differentes reponses thermiques, qui aideront ensuite a l’identification. 
Le controle de changements dans la conductivite thermique et/au la 
composition du gaz effluent peut aussi aider ii cette identification. 
Des experiences pr&ninaires pour ddtecter des variations dam la 
composition du gaz effluent, par mesure de conductivitd thermique, 
absorption selective, et dosage coulometrique, montrent que le dosage 
quantitatif des composes d’inclusion extraits de l’acier est possible. 
Toutefois, la conception du support de l’echantillon doit etre am&o&e 
pour Bliminer les fuites de gaz et les differences de temperature entre 
le gaz de reference et Ie gaz effluent. Les travaux futurs seront Bgale- 
ment diriges vers le developpement de methodes de dosage quanti- 
tatif de composes non metalliques specifiques dans des melanges 
extraits d’aciers. 
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SUCCESSIVE DETERMINATION OF THORIUlM AND 
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ASIM K. GUPTA and JACK E. POWELL 
Institute for Atomic Research and Department of Chemistry 

Iowa State University, Ames, Iowa, U.S.A. 
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Summa~--Thorium can be determined quantitatively by EDTA in 
the presence of the light rare earths but not in the presence of the heavy 
rare earths. The successive determination of thorium and heavy rare 
earths with diethylenetriaminepenta-acetic acid (DTPA) has been 
found to be feasible and is described. The direct successive determina- 
tion of thorium and rare earths by combined titration with DTPA 
and N-hydroxyethylethylenediaminetriacetic acid (HEDTA) is also 
discussed. 

VERY few workers1*2 have reported methods for the successive determination of 
thorium and rare earths by complexometric titration, although there have been 
reports of the successive determination of thorium and rare earths by other complexo- 
metric methods (spectrophotometry, etc.). However, published complexometric 
titration methods have dealt only with the determination of thorium and the light 
rare earths (lanthanum to neodymium inclusive). 

Complexometric titrations depend on the stability constants of complexes formed 
by interaction between a metal ion and the titrant, and sizable differences in these 
stability constants are responsible for the successful successive determination of 
different metals at controlled pH values. 

It has been reported lp2 that thorium may be determined accurately in the presence 
of light rare earths by titrating with EDTA at pH 2.5-3.0, using Xylenol Orange, 
Pyrocatechol Violet, etc., but that the subsequent determination of the rare earths 
could not be accomplished because of a colour reaction of the thorium-EDTA 
complex at higher pH values. Piibil and Veselp used diethylenetriaminepenta- 
acetic acid (DTPA) and triethylenetetraminehexa-acetic acid (TTHA) successfully 
for the successive determination of thorium and various light rare earths. 

The present authors found that, although thorium could be determined accurately by 
EDTA in the presence of the light rare earths, as previously reported, it was not possible 
to determine thorium in the presence of the heavier rare earths (samarium to lutetium 
inclusive) whose EDTA complexes are much closer in stability to that of thorium- 
EDTA. This observation prompted the authors to examine the method of P?ibil and 
Vesely for the successive determination of thorium and the heavy rare earths. 

The DTPA method was found to be suitable for determining thorium and the 
heavy rare earths as well as for the determination of thorium and the light rare earths. 
The difference was that the end-point of the titration for determination of thorium 
is orange instead of clear yellow, as was reported in the case of light rare earths. 

Piibil and Vesely used standard lead solution as a back-titrant for determination 
of rare earths. We have found that, instead of adding an excess of DTPA and 

* Contribution No. 1486. Work was performed in the Ames Laboratory of the U.S. Atomic 
Energy Commission. 
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TABLEI.-DETEFCMINATIONOFTHORRJM AND RAREEARTHS (Sm TO Lu INCLUSIVE)WITH DTPA 

0.05M Th O*OSM R.E. 
taken, ml taken, ml 

Back titre 
O*OSM Th Excess O*OSM with O*OSM 0.05M R.E. 
found, ml DTPA, ml Pb, ml found, ml 

9.65 1.995 Sm 
1.72 3-99 Sm 
5.79 7-98 Sm 
3.86 11.97 Sm 
l-93 15.96 Sm 
0.965 19.95 Sm 

9.65 1.97 Eu 
7.12 3.95 Eu 
5.79 7.90 Eu 
3.86 11.85 Eu 
1.93 15.80 Eu 

4.83 1.93 Gd 
I.72 3.85 Gd 
5.19 7.70 Gd 
3.86 11.55 Gd 
l-93 1540 Gd 

0.965 19.35 Tb 
l-93 15.48 Tb 
3.86 11.61 Tb 
5.79 7.74 Tb 
7.72 3.87 Tb 

7.72 4.02 Dy 
5.19 8.04 Dy 
3.86 12.06 Dy 
1.93 16.08 Dy 
0.965 20.10 Dy 

7.12 3.92 Ho 
5-19 7.84 Ho 
3-86 11.76 Ho 
1.93 15.68 Ho 
0.965 19.60 Ho 

7.72 l-86 Er 
5.79 3.72 Er 
3.86 5.58 Er 
1.93 744 Er 
0.965 9.30 Er 

7.72 3.95 Tm 
5.79 7.90 Tm 
3.86 11.85 Tm 
1.93 15.80 Tm 
0.965 19.75 Tm 

8.00 4-21 Yb 
6.00 8.42 Yb 
4.00 12.63 Yb 
2.00 1684 Yb 
1.00 12.05 Yb 

0.965 18.90 Lu 
0.965 1.89 Lu 
l-93 18.90 Lu 
3.86 11.34 Lu 
5.79 7-56 Lu 
9.65 3.78 Lu 

9.65 
7.75 
5.80 
3.85 
1.95 
1.00 

9-65 
7.75 
5.80 
3.90 
l-95 

4.80 
7.75 
5.80 
3.90 
1.95 

1.00 
1.95 
390 
5.80 
7-15 

7.75 
5.80 
390 
1.95 
1.00 

7.75 
5.80 
3.90 
1.95 
1.00 

I.75 
5.80 
390 
1.95 
1.00 

7.75 
5.80 
3.90 
1.95 
1.00 

8.00 
6+)0 
4.00 
2.00 
l+IO 

1.00 
1.00 
1.95 
390 
5.80 
9.65 

5.65 
7.25 

12.20 
13.15 
18.05 
24.00 

4.35 
8.25 

14.20 
14.10 
20.05 

4.20 
6.25 

11.20 
14.10 
18.05 

22.00 
18.05 
14.10 
lO+I6 
6.25 

6.25 
10.20 
14.10 
18.05 
24.00 

6.25 
10.20 
14.10 
18.05 
24.00 

4-25 
5.20 
7-10 
9.05 

11.00 

5.25 
9.20 

13.10 
18.05 
21.00 

600 
10.00 
14-00 
18.00 
23.00 

2400 
4-00 

23.05 
16.10 
14.20 
10.35 

3.65 
3.26 
4.21 
1.10 

::z 

240 
4.32 
6.34 
2.25 
427 

2.25 
2.35 
3.48 
2.52 
2-63 

2.66 
2.54 
2.50 
2.35 
240 

2.10 
2.16 
2.10 
1.97 
3.84 

2.26 
2.35 
2.35 
2.45 
4.46 

240 
1.54 
1.58 
1.65 
1.75 

1.30 
l-34 
1.30 
2.21 
l-25 

1.79 
1.59 
144 
1.25 
l-94 

5.05 
2.16 
4.10 
4.15 
6.70 
6.52 

2.00 Sm 
3.99 Sm 
7.93 Sm 

12.05 Sm 
15.99 Sm 
19.92 Sm 

1.95 Eu 
3.93 Eu 
7.86 Eu 

11.85 Eu 
15.78 Eu 

l-95 Gd 
3.90 Gd 
7.13 Gd 

1 l-58 Gd 
15.42 Gd 

19.34 Tb 
15.51 Tb 
11.60 Tb 
I.71 Tb 
3.85 Tb 

404 Dy 
8.04 Dy 

12.00 Dy 
16.08 Dy 
20-16 Dy 

3-99 Ho 
7.85 Ho 

11.75 Ho 
15.60 Ho 
19.54 Ho 

1.85 Er 
3.66 Er 
5.52 Er 
740 Er 
9.25 Er 

3.95 Tm 
7.86 Tm 

11.80 Tm 
15.78 Tm 
19.75 Tm 

4.21 Yb 
8.41 Yb 

12.56 Yb 
16.78 Yb 
21.06 Yb 

18.95 Lu 
1.84 Lu 

18.95 Lu 
11.35 Lu 
7.50 Lu 
3.83 Lu 
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TABLE II.-DETERMINATION OF THORIUM AND RARE EARTHS WITH 
DTF’A AND HEDTA 

0*05M Th 
added ml 

0.05M R.E. 
added, ml 

0.05M Th 
found, ml 
of DPTA 

0.05M R.E. 
found ml, of 

HEDTA 

2.00 
4.00 
6.00 
8.00 
2.00 
4ao 
6.00 
8.00 
2*00 
4ao 
6GO 
8.00 

a:: 

6.00 
8.00 
2.00 
4.00 
6.00 
8-00 
2.00 
4-00 
6.00 
8.00 
2ao 
4.00 
6*00 
8GO 
2.00 
4ao 
6-00 
8.00 
2ao 
4.00 
6.00 
8-00 
2.00 
4.00 
6.00 
8.00 
2.00 
4.00 
6.00 
8.00 
2.00 
4.00 
6.00 
890 
2.00 
490 
6.00 
8.00 
2.00 
4.00 
6.00 
8.00 

13.68 La 
10.26 La 
6.84 La 
3.42 La 

8.16 Ce 
6.57 Ce 
4.38 Ce 
2.19 Ce 

14.84 Pr 
11.13 Pr 
7.42 Pr 
3.71 Pr 

15.12 Nd 
11.35 Nd 
7.56 Nd 
3.78 Nd 

15.56 Sm 
11.67 Sm 
7.78 Sm 
3.89 Sm 

1540 Eu 
11.55 Eu 
7.70 Eu 
3.85 Eu 

14.92 Gd 
11.19 Gd 
7.46 Gd 
3.73 Gd 

15.68 Dy 
11.76 Dy 
7.84 Dy 
3.92 Dy 

15.08 Tb 
11.31 Tb 
7.54 Tb 
3.77 Tb 

15.28 Ho 
11.46 Ho 
764 Ho 
3.82 Ho 

7.24 Er 
5.43 Er 
3.62 Er 
1.81 Er 

15.36 Tm 
11.52 Tm 
7.68 Tm 
3.84 Tm 

15.80 Yb 
11.85 Yb 
7.90 Yb 
3.95 Yb 

14.72 Lu 
Il.04 Lu 
7.36 Lu 
3-68 Lu 

2.00 
4-00 
6-00 
8.00 

;:g 

6.00 
8.00 
2-00 
4.00 
6.00 
8.00 
2.00 
403 
6Gf.l 
8.00 
2.00 
4.00 
6.00 
8.00 
2.00 
4.00 
6.00 
8.00 
2.00 
4.00 
690 
8.00 
2.00 
4.00 
6+Nl 
6.00 
2.00 
4.00 
6-00 
8.00 

;:g 

6.00 
8*00 
2.00 
4.00 
6.00 
8.00 
2.00 
4m 
6.00 
8.00 
200 
4ao 
6-00 
8.00 
2.00 
4.00 
6-00 
8.00 

13.70 La 
lo-30 La 
6.90 La 
3-45 La 

8.75 Ce 
660 Ce 
440 Ce 
2-20 Ce 

14.85 Pr 
11.15 Pr 
7.45 Pr 
3.75 Pr 

15.15 Nd 
1140 Nd 
7.55 Nd 
3.80 Nd 

15.60 Sm 
1 l-70 Sm 
7.80 Sm 
390 Sm 

1540 Eu 
1 l-60 Eu 
7.75 Eu 
3.90 Eu 

14.90 Gd 
11.20 Gd 
7.50 Gd 
3.70 Gd 

15.70 Dy 
11.75 Dy 
7-85 Dy 
3.90 Dy 

15.10 Tb 
11.30 Tb 
760 Tb 
3.75 Tb 

15.30 Ho 
11.50 Ho 
7.65 Ho 
3.80 Ho 

7.25 Er 
540 Er 
3.60 Er 
1.80 Er 

15.35 Tm 
11.52 Tm 
7.65 Tm 
3-90 Tm 

15.85 Yb 
11.85 Yb 
7.90 Yb 
3.95 Yb 

14.15 Lu 
,I 1.05 Lu 

740 Lu 
3.65 Lu 
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back-titrating with lead solution, rare earths may be determined directly by titrating 
with N-hydroxyethylethylenediaminetriacetic acid (HEDTA) at pH 5X1-5.5. 

Reagents 
EXPERIMENTAL 

Diethylenetriaminepenta-acetic acid (DTPA) 0.05&f solution. Dissolve 19.65 g of the free acid, 
obtained from Geigy, in 130-150 ml of hot 1M sodium hydroxide solution and dilute to 1 1. with 
distilled water. 

N-hydroxyethylethylenediaminetriacetic acid (HEDTA) O.OSM solution. Dissolve 13.9 g of the free 
acid, obtained from Geigy, in 100 ml of hot 1M sodium hydroxide solution and dilute to 1 1. with 
distilled water. 

The concentrations of the above solutions were checked by titrating with standard O.OSM lead 
nitrate solution using Xylenol Orange as an indicator. 

Rare earths 0*05M solution. Dissolve the required amount of rare earth oxide, 99.99% pure, 
in concentrated hydrochloric acid (c.p.) and evaporate to incipient dryness. Dissolve the residue and 
dilute to 1 1. in each case with distilled water. The concentrations were checked complexometrically. 

Indicator solution. Dissolve 1 g of Xyienol Orange (obtained from K & K Laboratories) in 
100 ml of diluted alcohol. 

Other chemicals used were all of reagent grade purity. 

Successive determination of thorium and rare earths (samarium to lutetium inclusive) with DTPA 

Thorium can be determined by direct titration with DTPA at pH 2.5-3.0 using Xylenol Orange, 
in the presence of the heavy rare earths. The colour change from red to orange is quite sharp. After 
the titration of thorium has been completed, more DTPA is added to complex the rare earth elements, 
and the excess is back-titrated with standard 0.05&f lead nitrate solution. 

Procedure. Dilute solutions containing different ratios of thorium and rare ‘earth elements (as 
indicated in Table I) to 150 ml with distilled water. Adjust the pH of the solutions to 2.5-3.0, using 
a pH meter, with either dilute nitric acid or dilute aqueous ammonia. Titrate slowly with O.OSM 
DTPA, to an orange end-point, using Xylenol Orange as indicator. Add a further amount of DTPA 
(in excess to that required for complexing the rare earth element), adjust the pH of the solution to 
5.0-5.5 with solid urotropine, and titrate the excess DTPA with O.OSM lead nitrate solution to a red- 
violet end-point. 

Successive determination of thorium and rare earths with DTPA and HEDTA 

N-Hydroxyethylethylenediaminetriacetic acid (HEDTA) behaves in a similar manner to EDTA, 
forming 1: 1 complexes with rare earths, although the stability constants are very different. Use 
was made of this property of HEDTA in the determination of thorium and rare earths. After the 
determination of thorium with DTPA, as above, the pH was adjusted to 5.0-5.5 and the rare earth 
content titrated directly with HEDTA. The end-point is orange. Table II shows the results of a 
series of determinations. 

ZusanunenfassunS-Die quantitative Bestimmung von Thorium mit 
EDTA ist in Gegenwart schwerer seltener Erden nicht mbglich, 
dagegen neben leichten seltenen Erden genau. Die Bestimmung von 
Thorium und schweren seltenen Erden mit DTPA ist moelich und 
wird hier beschrieben. Auch die direkte Bestimmung vonYThorium 
und seltenen Erden durch kombinierte Titration mit DTPA und 
HEDTA wird diskutiert. 

R~surn&-Le dosage du thorium & I’EDTA ne peut etre men& en 
presence de terres rares lourdes, bien qu’il puisse l’etre avec precision 
en prdsence de terres rares legeres. On a trouve que l’on peut doser 
successivement le thorium et les terres rares lourdes au moyen de 
DTPA, et l’on d&it le dosage. On discute aussi des dosages successifs 
directs du thorium et des terres rares par titrage combine avec le 
DTPA et le HEDTA. 
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FLUORINE IN SILICATE ROCKS 
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Summnry_--The rock powder is sintered with a sodium carbonate flux 
containing zinc oxide and magnesium carbonate, the sinter-cake 
leached with water and the resulting solution filtered. Fluorine is 
separated from the acidified filtrate by steam distillation and determined 
spectrophotometrically by means of a zirconium-SPADNS reagent. 
If a multiple-unit distillation apparatus is used, 12 determinations can 
be completed per man-day. 

INTRODUCTION 

WILLARD and Winter’s1 method, one modification of which is described by Kolthoff 
and Sandell,2 has been widely used for the determination of fluorine in silicate rocks. 
Although sufficiently accurate, the method is too time consuming to fulfill increased 
requests. Shell and Craig,3 by the introduction of a zinc-bearing flux, have simplified 
the preliminary separation and greatly increased its speed. Although more rapid 
than the troublesome thorium nitrate titration, calorimetric methods for the deter- 
mination of fluoride have defects and their use has not been favoured by silicate 
analysts. A simple, rapid calorimetric method based on the work of others, but 
having none of these defects, is described in this paper. No adjustment of pH is 
necessary. A stable, coloured complex is formed by the addition of a single reagent 
to the flask containing the distillate. A special photometric technique eliminates 
temperature effects. Sulphuric acid may be used in the distillation. 

EXPERIMENTAL 
Reagents 

Flux: Thoroughly mix 7 parts of sodium carbonate, 2 parts of zinc oxide, and 1 part of magnesium 
carbonate. (The flux is usually fluorine-free, but a blank determination should be made on each lot.) 

Stock sodium$uoride solution (1.00 mg of fluoride/ml): Dissolve 10 g of reagent-grade sodium 
fluoride in 225 ml of water. add a few ml of hvdrofluoric acid and an eaual volume of methanol. 
Collect the salt on paper, wash it with methanol,‘and air dry. Fuse 3 g of thi salt, pour the melt into a 
platinum dish and cool. Crush the sodium fluoride and quickly weigh 1.105 g. Dissolve the weighed 
nortion in water and filter it into a 500 ml-volumetric flask. Dilute the filtrate to the mark and mix. 
iA solution so prepared assayed 0.996 mg of fluoride/ml when analysed by the lead chlorofluoride 
method.) 

Stundardsodiumfluoride solution (0.100 mg of fluoride/ml): Dilute the above solution ten-fold. 
Zirconium sulphate-sulphuric acid solution. Dissolve 13.0 g of zirconium sulphate tetrahydrate in 

1 litre of 1: 1 sulphuric acid and 800 ml of water. Filter the solution through a fine-porosity paper and 
dilute the filtrate to 2 litres. Determine the zirconium oxide content of a lO-ml portion of the solution. 
(Precipitate with aqueous ammonia and weigh as zirconium oxide.) 

SiADNS soWon: Dissolve 32 g of SfiDNS [sodium 2-(p-sulphenylazo)-1,8-dihydroxynaph- 
thalene-3.6disulnhonatel in 800 ml of water. Pass the solution throueh a fibre-class me-filter and a 
membrane filter having 0.45-p pores. Dilute the filtrate to 2 litres. ” 

” I 

Zirconium-SPADNS reagent: Dilute a volume of zirconium sulphate-sulphuric acid solution con- 
taming 1.4 g of zirconium oxide to 800 ml with 1: 3 sulphuric acid, add 1 litre of SPADNS solution 
and dilute the mixture to 4 litres. (If 12 mm x 12 mm cells are used in the calorimetry, increase the 
zirconium oxide content of the reagent to 1.6 g). 

1343 
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Transfer 0500 g of 100-mesh rock powder to a 25-ml platinum crucible containing 5.0 g of flux. 
Mix the sample and the upper part of the flux with a glass rod, then stir the mixed portion into the 
rest of the flux. Using an electric furnace, heat the crucible and its contents at 900” for 30 min. 
Allow the crucible to cool. 

Add water to the contents of the crucible, loosen the cake with a stirring rod, and transfer the cake 
to a 50-mlbeaker. Adjust the volumeof the solution to 30ml and allow the solution tostand overnight. 

Crush the cake to a powder with a flat-ended stirring rod, then decant the solution through a 7-cm 
fine-porosity paper into a 250-ml distilling flask from the apparatus. Wash the residue twice by 
decantation with hot 1% sodium carbonate solution, then sluice the residue into the paper. Wash the 
residue 5 times with the hot sodium carbonate solution and discard the residue. Connect the flask to 
the condenser of the distillation apparatus. 

Add 200 ml of water to the first of three 250-ml volumetric flasks (dark standard). Add lOGO ml of 
standard sodium fluoride solution to the second flask, and adjust the vohune to 200 ml (light standard). 
Place the third flask under the condenser of the distillation apparatus. 

Add 250 ml of water to the steam-generating flask and bring the water to a gentle boil. Slowly add 
25 ml of 1: 1 sulphuric acid to the distillation flask through the steam-inlet tube. Connect the side tube 
of the generating flask to the steam-inlet tube of the distillation flask, and heat the solution irithe dis- 
tillation flask to the boil. Continue boiling at such a rate that, after 20 to 25 min, the amount of 
distillate is about 85 ml and the temperature of the solution is 135”. During this period, admit only 
enough steam to prevent bumping. Now bring the water in the generating flask to a moderate boil and 
adjust the flame under the distillation flask to maintain a solution temperature between 135 and 145’. 
Continue the steam distillation at such a rate that, in about 45 min, an additional 125 ml of distillate 
is collected. 

Allow the distillate to stand until it attains room temperature. Add 25.00 ml of zirconium- 
SPADNS reagent to the distillate and to each of the standard solutions. Dilute each solution to 
volume and mix. 

After 1 hr, measure the transmittance of the sample solution with a Beckman Model B spectro- 
photometer or its equivalent by the following procedure. Add light standard soluution to the first of 
three 1 cm x 1 cm cells (L&z), the sample solution to the second and dark standard solution to the 
third. Set the dark current at 0.0, then adjust the wavelength (about 585 rnp) so that the dark 
standard reads 25.0 rfr 0.2 when the light standard reads 100-O. Adjust the dark current so that the 
dark standard reads 25-O when the light standard reads 100.0 and measure the transmittance of the 
sample solution. Use separate portions of the standards for each measurement in a series. 

If the reading is above 100.0, pipette 50 ml of the sample solution into another 250-ml volumetric 
flask. Dilute this portion to 200 ml and add 20.00 ml of zirconium-SPADNS reagent. Dilute the 
solution to the mark, mix it and measure its transmittance as before. 

Prepare, in 250-ml volumetric flasks, six solutions containing from 0.00 to 10.00 ml of standard 
sodium fluoride solution in increments of 2.00 ml, and adjust the volume of each solution to 200 ml. 
Add 25.00 ml of zirconium-SPADNS reagent to each, then dilute each to volume and mix. Use the end 
members of the series, which are the same as the dark and light standard solutions previously men- 
tioned, to adjust the wavelength, then measure the ~nsmittan~ of the other solutions. Construct a 
~~s~t~n~ curve from the values obtained. 

To compute the fluoride content of the sample, use the transmittance curve to determine the 
fluoride content of the distillate and add a 3% (relative) correction. 

Before re-using the distillation flask, clean it with a hot dilute solution of sodium carbonate. 

DISCUSSION AND RESULTS 

Silicate rocks rarely contain more than 0.2% of fluorine and almost never more 
than 1%. Because this method was designed for the analysis of silicate rocks, no 
tests were made with more than 5 mg of fluoride (1% for a 03-g sample); therefore 
statements in the following discussion may not apply to the determination of larger 
amounts. 

It is known that the recovery of fluoride by accepted methods of steam distillation 
is never quite complete, and some workers have surmised that glassware adsorbs 
fluoride. Our experiments indicate that such adsorption occurs. If fluoride is adsorbed, 
the amount lost is consistent enough so that a correction can be made. Adsorbed 
fluoride is largely removed when the flask is cleaned with sodium carbonate solution 
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so its effect is not cumulative. Amounts of fluoride adsorbed by or desorbed from 
the condenser are too small to affect the results. 

The advantages of the special flux have been discussed.4 When a sinter cake 
prepared with this flux is leached with water, much of the silica and alumina is 

-Anti-bump rod 

-300 ml 

FIG. 1 .-Distillation apparatus 

retained in the residue and is removed by filtration, but enough silica and alumina 
are always present in the filtrate to interfere with the distillation of fluoride. 

Although limits of composition for silicate rocks cannot be defined exactly, few 
such rocks contain less than 35% of silica or more than 25 ‘4 of alumina. Within 
these limits of rock composition, the alkaline filtrate never contains more than 25 mg 
of either silica or alumina. In the filtrate from a few uncommon samples, the amounts 
of either silica or alumina may be higher. Numerous experiments showed that the 

6 
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over-all loss caused by the presence of interfering compounds and by the adsorption 
of fluoride varies from about 2 y0 to 4 % (relative). If a 3 % (relative) correction is 
applied to every analysis, the distillation error seldom exceeds 1% (relative). 

Most calorimetric methods for the determination of fluoride are based upon the 
fading of a coloured metal-organic compound caused by the formation of a fluoride 
complex with the metal. Lakes of thorium or zirconium in combination with a number 
of organic compounds have been used for years in water analysis. The lakes we have 
tested are much alike: they are unstable except at low concentrations, and their use 
requires a close adjustment of pH. 

Bellack ,and Shouboe5 have described a zirconium-SPADNS chelate for use in 
strong hydrochloric acid solution. Our experiments confirmed their statements. If 
25 ml of their combined reagent is added to the distillate, amounts of fluoride from 
0.00 to 0.05% can be measured. It is desirable to extend this range so that most 
silicate rocks (OGO*2%) can be analysed without diluting the distillate. Efforts to 
increase the concentration of the reagent failed; precipitates always formed. 

By substitution of sulphuric for hydrochloric acid, a combined reagent was 
prepared that gave the desired range. A plot of log transmittance against concen- 
tration is, however, slightly curved. The reagent is stable for months, perhaps 
indefinitely. 

The transmittance of the coloured complex varies sharply with changes in tem- 
perature. Before a measurement is made, therefore, the wavelength is adjusted so 
that standards at the two ends of the transmittance curve have specific readings. 
Because of day-to-day differences in room temperature, both the slit-width and the 
wavelength vary, but these variations do not affect the shape of the transmittan~ 
curve. During the course of a measurement, the photometer warms the standard 
solutions; therefore, separate portions of the standards are used for each measurement 
in a series. 

Sulphuric acid contained in the distillate does not interfere in the calorimetry. 
If the upper part of the distillation flask is shielded from the flame as shown, no more 
than 3 mg of sulphuric acid distil; 10 mg can be tolerated. Phosphoric acid formed 
from phosphates present in a rock never distils in sufficient quantity to interfere. 

Table I shows the reproducibility of results obtained when 8 rock samples were 
analysed in triplicate. The residues from one set of samples were dried, each residue 
was mixed with sodium carbonate and all of the mixtures were sintered. The fluoride 

TABLEI.-ANALYSIS OF ROCK SAMPLES 

Type of rock 

Set no. Welded Diabase Granite Tuff Andesite Altered Submarine Rhyolite 
tuff Wig Gle dike basalt basalt porphyry 

Fluorine, y0 

1 0.006 o-022 0.061 0.14 0.29 0.43 0.60 0.80 
2 0.006 o-021 0.060 0.14 0.29 0.42 0.59 0.79 
3 0.006 0.022 0.059 0.14 0.28 0.42 0.60 0.80 

Average 0.006 0.022 0.060 0.14 0.29 0.42 0.60 0.80 
recoveries 
from residues O-030 0.001 0.001 0.002 0.006 0.014 0.022 o-010 
of set no. 3 
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contents of the sinter cakes were determined as described in the procedure. Recoveries 
were small (Table I). 

Zusammenfassnng-Das gepulverte Gestein wird mit einer Sodasch- 
melze gesintert, die Zinkoxyd und Magnesiumcarbonat enthah, der 
Sinterkuchen mit Wassen ausgelaugt und die Losung filtriert. Aus dem 
angesluerten Filtrat wird Fluor durch Wasserdampfdestillation 
abgetrennt und spektralphotometrisch mit Zirkonium-SPADNS 
bestimmt. Mit einer Mehrfachdestillationsapparatur k&men 12 
Bestimmungen pro Mann und Tag gemacht werden. 

R&nn&-La poudre de roche est frittee avec un fondant au carbonate 
de sodium contenant de l’oxyde de zinc et du carbonate de magnesium, 
la masse f&C est lixivi6e a l’eau, et la solution resultante est filtr6e. 
On &pare le fluor du filtrat acidifie par distillation a la vapeur, et dose 
spectrophotometriquement par un reactif zirconium-SPADNS. Si 
l’on utilise un appareil de distillation a unites multiples, on peut 
effectuer 12 dosages par joum6e de travail. 
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Summa~-A spectrophotometric method of determiningsmallamounts 
of tellurium in acidic media with sym-diphenylthiourea has been studied. 
Tellurium is extracted almost quantitatively from 4.S-8.0M hydro- 
chloric or perchloric acid solutions with a chloroform solution of 
diphenylthiourea, and up to 200 pg of tellurium can be determined by 
measuring the absorbance of the yellow complex in the chloroform 
phase at a wavelength between 380 and 410 rnp. The effects of diverse 
ions on the determination of tellurium have also been studied. It has 
been found that this method, with an extraction procedure, is more 
simple and more sensitive than the usual thiourea method in an 
aqueous medium. 

TELLURIUM has been determined spectrophotometrically by several investigators.1-7 
The thiourea method, proposed by Nielsch,2 is recommended as a simple and good 
method for the determination of tellurium in an aqueous solution. This reaction, 
however, takes place in an aqueous phase and the coloured tellurium complex cannot 
be extracted from the aqueous solution with chloroform, carbon tetrachloride, d&ethyl 
ether, etc. Moreover, the thiourea method has not such a high sensitivity. The 
present authors, therefore, have attempted to find a more sensitive procedure, and 
one suffering from fewer interferences, by means of extraction with an organic solvent. 

About sixty derivatives of thiourea were tested as complex-forming reagents 
with metal ions by Yoe et al.,* and some of them have been applied for the determin- 
ation of osmium and ruthenium,g but not for tellurium-IV. 

Preliminary tests showed that tellurium formed yellow complexes with phenyl- 
thiourea, sym-diphenylthiourea, ditolylthiourea and ethylenethiourea; and the 
complexes with these derivatives, except that with ethylenethiourea, were 
extracted almost quantitatively into chloroform. The reaction of tellurium-IV with 
sym-diphenylthiourea was the most sensitive one under the experimental conditions, 
and also the extraction of the complex with chloroform from 4.5-8.OM hydrochloric 
acid solution could be carried out quantitatively. It was also found that when a 
hydrochloric acid solution of tellurium was shaken with a chloroform solution of 
diphenylthiourea, the complex formed was extracted simultaneously into the organic 
phase. Tellurium-IV can be extracted by chloroform-diphenylthiourea from 
perchloric acid solution. This method proposed is more simple, more sensitive, and 
suffers less interference than the thiourea method in an aqueous medium. 
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Reagents 
EXPERIMENTAL 

Tellurium: A stock solution (1 g of Te/litre of hydrochloric acid solution) was prepared as 
described in a preceding paper.6 A solution containing 100 ,ug of Te per ml was obtained by dilution 
of the stock solution with water. 

Sym-Diphenylthiourea: A commercial reagent was purified as follows: dissolve co. 8 g of the 
reagent in 250 ml of ethyl alcohol at 70”, and filter the solution. Cool the filtrate for recrystallisation 
of the reagent, filter the crystals and dry the product in a desiccator. 
dissolved in 100 ml of chloroform. 

One g of diphenylthiourea was 

All other reagents used in the investigation were of analytical-reagent grade. 

Apparatus 

Absorbance was measured with a Hitachi spectrophotometer EPU-2A, and pH was measured 
using a Horiba pH-meter M-3. 

Procedure 

(1) Hydrochloric acid system: Place less than 5 ml of an acidic solution, containing 10 to 200 ,og 
of tellurium-IV, in a 20-ml graduated test-tube with a glass stopper, add 5 ml of 12M hydrochloric 
acid solution, and dilute to 10 ml with water. Mix well, and then cool it by holding in running water 
for 1 min. Add exactly 10 ml of diphenylthiourea-chloroform solution, shake vigorously for 1 
min, transfer the mixture to a separating funnel, and separate the organic layer from the aqueous 
layer. Centrifuge the organic phase for 2 min. (Anhydrous sodium sulphate may be used for de- 
hydration instead of centrifuging.) 
410 rnp in a l-cm cell. 

Measure the absorbance of the organic phase at 380,390,400, or 
Calculate the concentration of tellurium using a calibration curve, prepared 

previously. 
(2) Perchloric acid system: Repeat Procedure (I), but using 6 ml of 9M perchloric acid solution 

(60 % HCl03 instead of 5 ml of 12M hydrochloric acid solution. 

RESULTS AND DISCUSSION 

Absorption curves of tellurium complexes with derivatives of thiourea 

With diphenylthiourea, phenylthiourea, ditolylthiourea, ethylenethiourea and 
thiourea, tellurium in a solution of hydrochloric or perchloric acid in a concentration 
range of 4-9M formed yellow complexes. The tellurium complexes with diphenyl- 
thiourea, phenylthiourea and ditolylthiourea were extracted with chloroform, but 
not those with thiourea and ethylenethiourea. The absorbances of the tellurium 
complexes with the last two reagents were measured using the aqueous phase with- 
out an extraction procedure. 

To a solution containing 200 ,ug of tellurium, 6 ml of 944 perchloric acid were 
added and the mixture was diluted to 10 ml with water. To this solution, 200 mg of 
one of the reagents was added. After mixing well, the tellurium complexes of diphenyl- 
thiourea, phenylthiourea and ditolylthiourea were extracted with chloroform. 
Absorbances of the complexes in the chloroform phase and the complexes with 
thiourea and ethylenethiourea in the aqueous phase were measured l-ml cells over 
the range 380-500 rnp. The results obtained are shown in Fig. 1. Each complex has 
similar absorption, increasing in the shorter wavelength region. The absorbances 
of the tellurium complexes decrease in the following order under the experimental con- 
dition described : thiourea -C ethylenethiourea < phenylthiourea < ditolylthiourea 
< diphenylthiourea. 

The absorbance of the tellurium complex with diphenylthiourea in chloroform 
medium was about twenty times greater than that with thiourea in aqueous medium. 
Therefore, diphenylthiourea was used as the spectrophotometric reagent for tellurium 
in the further investigation. 
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FIG. L-Absorption spectra of telkium complexes with derivatives of thiourea: 
I : Diph~yl~o~ II: Ditolylthiou~ 
III : Phenyit~ouma IV: Ethylenethio~ 

V: Thiourea 

Urg~~ic solvent 

The solubility of diphenylt~our~a in chloroform was several times greater than 
that in ethyl alcohol or in benzene; diphenylt~o~ea was almost insoluble in carbon 
tetrachloride. When an alcoholic solution of diphenylthiourea was added to a hydro- 
chloric acid solution of tellurium, the yellow tellurium complex formed, and was 
extracted by chloroform. When a chloroform solution of diphenylthiourea was added 
to a solution of tellurium, the yellow complex formed was extracted simultaneously 
into the chloroform. 

E$ect of acid 

As seen in Fig. 2, the absorbances of the tellurium complex, when extracted from 
6M perchloric acid solution are about three times those from 6M hydrochloric acid 
solution. The effects of acid concentration on the absorbance are shown in Figs. 3 
and 4. When the tellurium complex was extracted from 4.5~XaOM acidic solution the 
absorbances were always constant. 

EJect of amount of reagent 

Less than 0.06 g of the reagent per 10 ml of chloroform failed to produce full 
colour development of the complex for 100 ,ug of tellurium (mole ratio tellurium: 
dipheny~t~ourea ea. I: 330.) With more than O-1 g of the reagent per 10 ml of chloro- 
form the full cofour development was ensured for 1OOyg of tellurium. But because 
a solution of diphenylthiourea has absorption in the ultraviolet region (Fig. 2) a large 
but definite excess of the reagent should be used. 
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FIG. 2.-Absorption spectra of diphenylthiourea-tellurium complexes: 

I : HClO, system II: HCl system 
III: Blank 

2 4 6 6 IO 

Concentration of hydrochloric acid,) I%! 

FIG. 3.-Effect of concentration of hydrochloric acid. 
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FIG. 4.-Effect of concentration of 
perchloric acid. 
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Conwttrotion of tellurium-I& pgllOmi 

FIG. 5.-Workmg curves for tellurium-IV: 

HCl system 
------ HCIO,system 

Stability and sensitivity 

The colour of the tellurium complex, developed as described, is stable for at 
least 90 min at room temperature, and even after 6 hr it decreases by only 3 %. 

Beer’s law is obeyed up to 200 ,ug of Te/lO ml in an aqueous solution at 380,390, 
400, or 410 mp, under the experimental conditions (Fig. 5). 
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The sensitivities of this reaction, by Sandell’s expression,10 are O-022, 0,036, 0,059 
and 0.09 yg of Te/cm2 for the hydrochloric acid system; and OW84, 0*012, 0.018 
and 0.028 ,ug of Te/cm2 for the perchloric acid system. 

Efect of diverse ions 

The effects of a number of diverse ions on the determination of 100 rug of tellurium- 
IV, by Procedure (1) are summarised in Table I. 

TAWE I.-EPFECIT OF DIWR% mm 
Q-e loo && HCl systems 

Ion - 
Added Te recovered, pg 

mg as at 380 390 400 4lOmi(l 

BiII1 2 BiC& 101 104 107 - 
Bir” 1 BiCls 100 102 103 - 
Cdl’ 40 CdCI, 100 100 100 101 
Co” 40 COCI, 102 102 102 102 
Felr* 0.4 FeC& 105 106 105 104 
MIP MnCl, 100 100 101 
NP NiC& 101 101 102 

Large amounts of cadmium, cobalt, manganese, nickel and zinc do not interfere 
with the dete~nation of tellurium. Against expectation, bismuth in an amount 
ten times as much as the tellurium was tolerated in the hydrochlo~~ acid system, 
although in the perchloric acid system bismuth interfered with the determination. 
Iron-III interferes with the determination, so that it should be removed from the 
solution before the determination of tellurium, Because selenium-IV reacts with 
diphenylthiourea, no test was carried out on its interfering action. 

ZusammenGssung-Die s~ktra~photome~sche Bestimmung kleiner 
Te~~enge~ mit Diphenylthioha~stoff in saurem Medium wurde 
untersucht. Tellur wird aus 4, S-8, On saiz- oder ~~rc~o~~n 
Llisungen fast quantitativ mit einer Lijsung von Di~h~yl~hiohamstoff 
in Chloroform extrahiert. Bis 200 rug Tellur werden durch Messung 
der Extinktion des geiben Komplexes in der Chloroformphas; zwis- 
then 380 und 410 rnp bestimmt. Der EinfluB verschiedener Frem- 
dionen auf die T~ilm~sti~ung wurde such untersucht. Diese 
Ex~aktionsme~ode ist einfacher und emp~nd~ch~ als die iibliche 
Thiohamstoffmethode in wsicrigem Medium. 

R&us&--On a ttuditl une m&ode s~~trophotorn~t~que de dosage de 
petites quantites de tellurium en milieu acide, au moyen de diphbnyl- 
thiour&. Le tellurium est extrait presque quantitativement, & partir 
de solutions 4,5 & 8,0 N en acide chlorhy~ique ou acide perc~o~que, 
au moyen d’une solution chloroformique de diph~nylt~om~, et l’on 
peut doser jusqu”& 2OOpg de tellurium en mesurant I’absorption du 
complexe jaune en phase chloroformique, B une longueur d’onde 
comprise entre 380 et 410 mp. On a 6galement &die les effets de 
divers ions SW le dosage du tellurium. On a trouvC: que cette m&hode 
avec proc6dd8 d’extraction est plus simple et plus sensible que la m&hode 
usuelle B la thiourtse en milieu aqueux. 
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Summ~-A new spectrophotometric method for the determination 
of microgram amounts of manganese with thenoyltrifluoracetone(TTA) 
is described. After oxidation with sodium bromate, manganese 
(presumably tervalent) is extracted with 05M TTA in xylene fyom a 
05M sulohuric acid solution. The absorbance of the organic uhase is 
measured at 440 or 450 my. Beer’s law is followed ui to i0 rcg of 
manganese/ml of organic phase. Except for cerium, iron and chloride, 
small amounts of many common elements do not interfere. Iron(II1) 
can be removed by cupferron-chloroform extraction, and cerium by 
washing the TTA extract with an ammonium hydrogen fluoride-nitric 
acid solution. 

INTRODUCTION 

DURING studies1t2 on the spectrophotometric determination of cerium with thenoyl- 
trifluoracetone (TTA), it has been found that manganese (presumably tervalent) 
gives a greenish-yellow colour with TTA. On the basis of this phenomenon, a new 
spectrophotometric method has been developed which is suitable for the determination 
of 10-100 j.4g of manganese. The proposed method is more sensitive and selective 
than that involving the extraction of manganese(I1) with TTA at pH 6*7-8.0.3 The 
elimination of interfering elements is also reported in this paper. 

Apparatus 
EXPERIMENTAL 

Absorbance measurements were made with a Hitachi EPU-ZA spectrophotometer, using l-cm 
cells. A shaking machine with a time switch was used for the extractions. 

Reagents 

6% w/v Cupferron solution: Prepare fresh daily. 
1M Sodium bromate solution. 
05M TTA solution: Dissolve 45 g in 400 ml of xylene. A product of Dojindo & Co., Ltd., 

Kumamoto-shi, Japan, was used. 
Ammonium hydrogen fluoride-nitric acid solution: O.lM in ammonium hydrogen fluoride and 

0.2M in nitric acid, stored in a polyethylene bottle. 
Standardmanganese solution: A standard stock solution,containing 1.00 mg of manganese/ml, was 

prepared by dissolving 0.100 g of pure manganese metal in 10 ml of 7M nitric acid and diluting to 
exactly 100 ml with water. Solutions of lower concentrations were prepared by diluting aliquots of 
the stock solution with water. 

All other solutions were prepared from analytical reagent-grade compounds and metals. 

Procedure: TTA-xylene extraction 

Transfer the sample solution, containing lo-100,ug of manganese(II), to a small separating 
funnel. Add 15 mequiv of sulphuric acid and adjust the volume to 10 ml. Add 3 ml of 1M sodium 
bromate solution and allow to stand for 5-10min. The sulphuric acid concentration should be 
about 0.5M. Add IO.0 ml of 0*5M TTA solution and shake the system for lo-15 min. Allow the 
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funnel to stand for about 5 min for water droplets to separate from the organic phase. Drain off and 
discard the aqueous phase. Filter the organic phase through a small plug of glass wool into a l-cm 
cell. Measure the absorbance of the solution at 440 or 450 mp, using the reagent blank or xylene as 
the reference. 

Construct a calibration curve by taking, for example, 0, 20, 40, 70 and 100 pg of manganese, 
adjusting the amount of sulphuric acid to 15 mequiv and the volume of the solution to 10 ml, then 
proceeding as described above for the TTA-xylene extraction. 

Run a blank through the entire procedure. 

Procedure in presence of cerium 
Carry out the TTA-xylene extraction as described above. Drain off and discard the aqueous phase. 

To the organic phase in a separating funnel add 10 ml of ammonium hydrogen fluoride-nitric acid 
solution. Shake the system for 1 min. Allow the funnel to stand for about 5 min. Drain off and 
discard the aqueous phase. Filter the organic phase through a small plug of glass wool into a l-cm 
cell. Measure the absorbance of the solution at 440 or 450 m,u against the reagent blank or xylene. 
The calibration curve should be prepared including the back-extraction. 

Procedure in presence of iron(ZZZ): Cupferron extraction 
Before the TTA-xylene extraction, transfer the sample solution, containing lo-100 ,ug of man- 

ganese(H), to a small (50-60 ml) separating funnel. Adjust the amount of sulphuric acid to 15 mequiv 
and dilute to 10 ml with water. Add 2.0 ml of cupferron solution and mix. Add 15 ml of chloroform 
and shake the system for 1 min. Drain off and discard the organic phase. Add 1.0 ml of cupferron 
solution and mix. Shake the solution with 10 ml of chloroform for 1 min. Discard the organic phase. 
Wash the aqueous phase by shaking it for 30 set with 10 ml of chloroform and discard the organic 
phase. 

Transfer the aqueous phase to a small quartz dish and evaporate to fumes of sulphuric acid. To 
decompose residual organic matter, add 1 ml of 30% hydrogen peroxide and heat gently. Evaporate 
the solution until white fumes appear. Use the residue for the TTA-xylene extraction. 

RESULTS AND DISCUSSION 

Absorption curve 

The absorption curves are shown in Fig. 1. The manganese-TTA complex does 
not show a absorption maximum in the analytically-useful wavelength range. 
Because the absorption of the reagent blank is great below 430 rnp, a wavelength of 
440 or 450 m,u has been adopted for the determination of manganese. 

E$ct of suIphuric acid concentration 

The effect of sulphuric acid concentration on the absorbance of the extract is shown 
in Fig. 2. A suitable sulphuric acid concentration is 0.25-O-75M. 

E#ect of sodium bromate concentration 

As indicated in Fig. 3, the absorbance of the extract remains almost constant 
between O-2 and 0*4&f. Potassium bromate was not used because of its small solubility. 

Effect of TTA concentration 

A suitable TTA concentration is 0.3-O.5M (Fig. 4). In the present work, the 
concentration of 0*5M has been adopted. 

Time of extraction 

It is necessary to shake the system for 10-20 min (Fig. 5). 

Stability of extract 

The absorbance of the manganese complex and reagent blank solutions remains 
constant for at least 3 hr (Fig. 6). The experiments were carried out at room 
temperatures within a range of 14-21”. 
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FIG. I.-Absorption curves: 

(1) 100 ag of manganese US. xylene, 
(2) 100 (ug of manganese US. reagent blank, 
(3) Reagent blank 8s. xylene. 

I /I 

0.3 
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H2S04r k’ 

Fig. 2.-Effect of sulphuric acid concentration: 

(1) 50 pg of manganese 11s. reagent blank (440 mp), 
(2) 50 pg us. reagent blank (450 m,u), 
(3) Reagent blank VS. xylene (440 rnp), 
(4) Reagent blank vs. xylene (450 m&. 
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Fig. 3.-Effect of sodium bromate concen- 
tration : 

(1) 50 pg of manganese vs. reagent blank 
(440 w), 

(2) 50 pg of manganese us. reagent blank 
(450 m,h 

(3) Reagent blank vs. xylene {440 mp), 
(4) Reagent blank vs. xylene (450 mp). 

NoBrO,, M 

Fig. 4.-Effect of TTA concen- 
tration: 

(1) 50 pg of manganese vs. reagent 
blank (440 mp), 

(2) 50 ,ug of manganesewreagent 
blank (450 m,u), 

(3) Reagent blank vs. xylene (440 
mp), 

(4) Reagent blank US, xylene (450 
miu). 
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Fig. X-Time of extraction : 
(1) 50 pg of manganese vs. reagent 

blank (440 mp), 
(2) 50 pg of manganese vs. re- 

agent blank (450 m,u), 
(3) Reagent blank vs. xylene (440 

nwh 
(4) Reagent blank vs. xylene (450 

w). 

Time of extraction, min 
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FIG. 6.-Stability of extract: 

(I) 50 pg of manganese US. reagent blank (440 mp), 
(2) 50 pg of manganese US. reagent blank (450 rnbd), 
(3) Reagent blank us. xylene (440 mp), 
(4) Reagent blank vs. xylene (450 rnp). 

Calibrutim curve 

The manganese-TTA system conforms to Beer’s law with concentrations of up to 
IO pg of manganese/ml of organic phase. Assuming that the extraction of manganese 
into the organic phase was complete, the apparent molar absorptivities were 3-O x 103 
and 2.5 x lo3 at 440 and 450 mp, respectively. In other words, for log I,/1 = 0.001, 
the sensitivities were 0.018 and 0.022 ,~g of manganese. cm-2 at 440 and 450 rnp, 
respectively. In this connection, it may be mentioned that the permanganate method 
has a sensitivity of a027 pg of manganese. cm-2 for log I,/1 = O@Ol at 522 rnp/ 

Eight experiments with 50 pg of manganese gave an average absorbance of O-297 
and O-245 at 440 and 450 rnp, respectively. The relative standard deviations were 
1.7 and 1.3 % at 440 and 450 rnp, respectively. 

Nature of reaction 

It has been reported that manganese(I1) ion in a sulphuric acid solution is oxidised 
with bromate to the tripositive state. 58 Manganese(I1) in 0.5M sulphuric acid does 
not give a coloured product with TTA. Presumably, the reaction product of TTA with 
manganese in the presence of bromate is manganese(III)-TTA complex. This point 
is being studied. 

A single TTA extraction followed by a back-extraction with an equal voiume 
(10 ml) of 7~5M nitric acid gave a recovery of 93 % with 100 pg of manganese. The 
manganese was determined by the permanganate method using potassium 
metaperiodate as oxidising agent.d 

Interference study 

It was considered that the elements ipa that interfered with the photometric deter- 
mination of cerium with TTA were likely to interfere with the determination of 
manganese. Table I summarises the results of the interference study. This study was 
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TABLE L-INTERFERENCE STUDY 

Addition 

- 
Al”’ 
As”’ 

BiIII 

Ca” 
Cd” 
Co’1 

CrlI1 
Cu” 

FeIT1 
La111 

Mg” 

MoVI 

Ni” 
Pb’I 
ThIV 

TiIv 

uv ’ 
VV 

WyI 

yirr 

Znlx 
Zr’V 
K~SOP 
(NH&SO, 

NaClO, 

NaNO, 
Na,SO, 
F(NaF used) 
Cl(NaC1 used) 

P(KHaP04 used) 

10 mg 
0.10 mg 
1.0 mg 
1.0 mg 

10 mg 
10mg 
10 mg 

5.0 mg 
10mg 
1Omg 

l*Omg 
5.0 mg 

10 iug 
1Omg 
10 mg’ 
0.10 mg 
1.0 mg 

10 mg 
1 .O mgh 
5.0 mg 

10 mg 
0.10 mg 
1.0 mg 

5.0 mg 
10mg 
0.10 mg 
I.0 mg 
5.0 mg 

10mg 
5.0 mg 

10mg 
10mg 
10mg 
050 mmole 
050 mmole 
1.0 mmole 
0*.50 mmole 
1 .O mmole 
1 .O mmole 
1 .O mmole 

10 mg 
0.20 mg 
0.40 mg 
050 mg 

10 mg 
20 mg 

Mn found,” ,ug 

440 rnp 

52 
51 
58 
50 
50 
51 
49 
51 
51 
51 
52 
58 
55 
51 
51 
51 
53 
51 
52 
52 
50 
51 
51,50 
78 
51 
51 
60 
50 
50 
50 
51 
52 
50 
51 
54 
55 

:: 
49 
49 
50 
51 
44 
37 
51 
50 

450 rnp 

52 
51 
61 
51 
51 
50 
49 
51 
51 
51 
51 
58 
55 
51 
50 
51 
50 
51 
52 
52 
51 
51 
50,49 
61 
51 
51 
61 
50 
50 
50 
51 
51 
49 
50 
54 
54 
48 
46 
49 
50 
50 
50 
44 
37 
52 
50 

d 50.0 pg of manganese taken. 
b PbSO, precipitates in the aqueous phase. 

made by using 10 ml of aqueous solution that was 0.5M in sulphuric acid and 0*3M 
in sodium bromate and 10 ml of TTA in xylene. 

Most of the metals used were in the forms of sulphate and nitrate. The oxidation 
state of metals in the table refers to that before addition of sodium bromate. Cerium, 
iron and chloride interfere seriously. The absorbance at 440 rnp of 50 ,ug of cerium 
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is nearly the same as that of 60 ,~g of manganese. As a matter of fact, the optimum 
conditions for the determination of manganese are the same as those for cerium.l 
Chloride can be removed by fuming with sulphuric acid. If we take an error greater 
than f2 kg of manganese as a limiting concentration of interference, 1 mg each of 
arsenic, molybdenum (at 440 rnp) and vanadium interfere. Five mg each of copper 
and titanium also interfere. Ammonium sulphate gives a slightly high result. In 
general, the present method is more selective and sensitive than the method3 that is 
based on the extraction of manganese(I1) with TTA at pH 6-7-8.0. 

Cupferron-chloroform extraction 

Iron(III), molybdenum, vanadium and some other metals are known to be 
extracted as cupferrates with chloroform from mineral acid solution. In the proposed 
procedure, the sulphuric acid concentration for the cupferron-chloroform extraction 
was chosen from a consideration of the sulphuric acid concentration suitable for 
the TTA-xylene extraction. 

Results obtained in applying the proposed procedure are collected in Table II. 
Five determinations of 50 ,ug of manganese gave an average recovery of 100 % and a 
relative standard deviation of 3.3 % at 440 m,u. Iron(III), molybdenum, titanium and 
vanadium can be removed satisfactorily from 50 pug of manganese(I1). Cerium(II1) 
is not removed by the cupferron-chloroform extraction and remains quantitatively 
in the aqueous phase.2 

TABLEII.-DETERMINATION OF MANGANESE WITH TTA AFTER 
CUPFERRON-CHLOROFORM EXTRACTION 

Mn found,” pg 
Addition, mg 

440 mp 450 mp 

None 
None 
Fe”’ 10 
MO”’ 10 
TilV 10 
V” 2.0 

10 
ZP 10 
FelI1 10, MO 1.0, Ti 1.0, 
V 1.0, Zr 1.0 

22”, 18a, 19” 23”, 18”, 19” 
52, 51,48,49,49 52, 50,47,49, 49 

52 52 
51 51 

53, 52, 51 53, 51, 51 
51 50 
49 

53, 51, 50 52, ::, 49 

53, 51, 52 52, 51, 52 

a 50.0 ,ug of manganese taken. 
b 20.0 pg of manganese taken. 

TABLE III.-DETERMINATION OF MANGANESE IN 
THE PRESENCE OF CERKJM 

Taken, ,ug 
Mn found, ,ug 

440 m,u 450 mp 

Ce 20 2, 1 1, 1 
Ce 50 3, 3 4, 3 
Ce 100 3, 3 494 
Ce 50, Mn 50.0 54, 52, 54, 54 54,52, 54,54 
Ce 100, Mn 50.0 54, 55, 53, 52, 54, 54,53, 52, 

55, 54 55, 55 
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Determination of manganese in presence of cerium 

Cerium(II1) is not separated from manganese by the cupferron-chloroform 
extraction. As reported previously,2 when the TTA solution containing both cerium- 
(IV) and mang~ese is shaken with an aqueous solution that is @lM in ammonium 
hydrogen fluoride and 0*2M in nitric acid, cerium is selectively back-extracted. 

Results obtained in applying the proposed procedure are shown in Table III. In 
the presence of 50-100 pg of cerium, 50 ,ug of manganese can be determined within 
an error of + 10 %‘ 

Zusamme&ssun&I--Eine neue spektralphotometrische Methode zur 
Bestimmung von Mikro~~m~ngen Mangan mit Thenoyltrifluor- 
aceton (TTA) wird beschrieben. Nach Gxvdation mit Na~iumbromat 
wird (~a~~he~lich dreiwertiges) Mangin mit 0,5 m TTA in Xylol 
aus 1 n Schwefelsiiure extrahiert. Die organische Phase wird bei 440 
oder 450 rnp photomet~ert. Das Beersche Gesetz gilt bis 1Oyg 
Mangan pro ml organischer Phase. AuDer Cer, Eisen turd Chlorid 
storen kleine Mengen vieler haufiger Elemente nicht. Eisen(II1) kann 
durch Extraktion mit Cupferron in Chloroform und Cer durch 
Waschen des TTA-Extrakts mit Ammoniumhydrogenfluorid-Salpeter- 
saurelosung entfernt werden. 

R&un&-On d&it une nouvelle methode spectrophotometrique de 
dosage du manganese ri I’eCheIle du microgramme, au moyen de 
th~noyltrifluoroa~tone (TTA). Apr& oxydation au bromate de 
sodium, le manganese (probablement trivalent) est extrait au moyen de 
TTA 0,s M en xylene, a partir dune solution 1 N en acide sulfurique. 
On mesure I’absorption de la phase organique & 440 ou 450 mp. La 
loi de Beer est observee jusqu’l 10 ,~g de manganese par ml de phase 
organique. A l’exception du cerium, du fer et des chlorures, de petites 
quantites de nombreux elements communs n’interferent pas. Le fer 
(III) peut etre elimine par extraction au cupferron-chloroforme. Le 
cerium peut %tre Climine par lavage de l’extrait TTA au moyen d’une 
solution fluorure acide d’ammonium-acide nitrique. 

REFERENCES 

1 H. Onishi and C. V. Banks, Analyt. Chem., 1963,35,1887. 
e H. Onishi and Y. Toita, ibid., 1964,36,1867. 
s A. K. De and M. S. Rahaman, ibid., 1963,35,159. 
4 E. B. Sandell, ~olor~met~ic ~eterrni~t~o~ of Traces o~~etols. Interscience Pub~isbers, New York, 

3rd Ed., 1959, p. 608. 
* E. S. Tomula and V. Aho, Amt. Acad. Sci. Fennicae, 1939, A52, No. 4; Gem. Abs., 1939,33,2841. 
B W. C. Purdy and D. N. Hume, Anatyt. Chem., 1955,27,256. 



Talattta. 1964, Vol. 11, pp. 1365 to 1370. Pergamon Press Ltd. Printed in Northern Ireland 

SEPARATION AND POLAROGRAPHIC DETERMINATION 
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Summary-A method has been developed for the determination of 
small amounts of cadmium in stainless steel. Cadmium and copper are 
initially separated from other elements with thioacetamide. After 
extraction of the copper with Neocuprolne in chloroform, cadmium is 
determined polarographically in an ammonium chloride-aqueous 
ammonia electrolyte. Over the range O.OOl-O.Ol% of cadmium, results 
are accurate to within 10% of the amount present. As little as 0.0005~0 
of cadmium may be determined, and the upper limit may be extended 
beyond 0.01% by using smaller samples or by aliquoting. This method 
may be applied to all commercial grades of stainless steel. 

INTRODUCTION 

CADMIUM-PLATED steel scrap and white metal may be inadvertently included in the 
charge of an electric furnace for the melting of stainless steel, so that cadmium may 
be present in the stainless steel in concentrations up to about 0.01%. Because small 
amounts of cadmium are detrimental to the hot-working properties of stainless 
steel, it is desirable to analyse for this element. Although cadmium had been previ- 
ously determined in non-ferrous materials, such as zinc and aluminium, in this 
laboratory, no method was available for determining cadmium in steel. Therefore, the 
present investigation was initiated to provide standards for optical emission spectro- 
graphic analyses. 

Hildebrand, Lundell, Bright and Hoffman1 indicate that cadmium cannot be 
separated ordinarily except as the sulphide. In previous work in this laboratory, 
as little as 5 pug of cadmium were separated as the sulphide from several elements 
in non-ferrous materials. 

The classical method of sulphide precipitation makes use of hydrogen sulphide, 
a noxious and toxic gas, as the precipitant. Within the last 30 years thioacetamide, 
a considerably less toxic chemical, has been substituted for hydrogen sulphide. 
According to Ivanov2 and Flaschka and Jakobljevich: thioacetamide can be used 
successfully for the precipitation of heavy metals. Although thioacetamide has been 
employed for the quantitative separation of cadmium from aluminium, molybdenum- 
nickel alloys and tungsten-nickel alloys,4*5 no evidence was found in the literature 
that it had ever been used to separate cadmium from a steel matrix. This laboratory, 
therefore, investigated the use of thioacetamide to precipitate cadmium. 

The determination of small concentrations of cadmium, after separation from the 
stainless-steel matrix, requires a sensitive technique, such as absorption spectro- 
photometry or polarography. The photometric determination of cadmium, as 
described by Sandell,G makes use of dithizone or di-/3-naphthylthiocarbazone. 
Unfortunately, these photometric methods are laborious, require the use of highly 
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toxic cyanide compounds, and are sometimes subject to error because of nickel 
interference. 

Lingane’ has investigated the polarographic characteristics of cadmium in various 
supporting electrolytes and has found that the greatest sensitivity for cadmium was 
obtained in an ammonium chloride-aqueous ammonia electrolyte. This electrolyte 
is also advantageous in that copper and nickel are the only elements common to 
stainless steel which exhibit half-wave potentials over the range of 0 to -1.0 V 
Versus a saturated calomel electrode. 

EXPERIMENTAL 

Apparatus 

Model XXI Sargent polarograph 

Reagent-grade chemicals are used throughout. 

Citric acid: 25%w/v in water. 
Formic acid mixture: Dissolve 250 g of ammonium sulphate in 300 ml of water. Add 200 ml of 

90% formic acid and 30 ml of 15 Maqueous ammonia, then dilute to 1 1. withwater. Store in aground- 
glass stoppered bottle. 

lO%w/v Thioacetamide reagent: Prepare this solution in warm water as needed. 
2% Thioacetamiak wash water: To 500 ml of water add 4 ml of 90% formic acid and 10 ml of 

10% thioacetamide reagent. 
10% Hydroxylamine hydrochloride solution: Prepare this solution as needed. 
2,9-Dimethyl-l,lO-phenanthroline (Neocuprofne) reagent: This solution (O.l’$&w/v in 95% ethyl 

alcohol) should be refrigerated when not in use. 
Hydrochloric acid polarographic solvent: Add 14 ml of 12M hydrochloric acid to 30 ml of water. 

Ammoniumchloride(lM)-aqueousammonia(lM)electrolyte: Dissolve 53.5 g of ammonium chloride 
in 300 ml of water. Add 67 ml of 15M ammonia solutions and dilute to 1 1. Store in a ground-glass- 
stoppered bottle at 20”. 

Standard cadmium solution: Dissolve exactly 0.1000 g of 99.9% cadmium in 10 ml of 1 :l nitric 
acid. Evaporate this solution to dryness. Add 5 ml of 12M hydrochloric acid and again evaporate to 
dryness. After cooling, digest the residue for 5 min in 200 ml of water containing 53.5 g of ammonium 
chloride. Cool againadd 67 ml of 15M ammonia solution, transfer to a l-l. volumetric flask and dilute 
the mark with distilled water ((lml/ - 100 ,ug of cadmium). Less concentrated standard cadmium 
solutions are made by dilution of appropriate aliquots of this stock solution with 1M ammonium 
chloride-l M aqueous ammonia electrolyte. Store in a ground-glass-stoppered bottle at about 20”. 

Procedure 

Transfer 1-O g of sample to a 600-ml beaker, add 20 ml of 1: 1 hydrochloric-nitric acid mixture 
and dissolve the-sample at low heat. Add 20 ml of 12M perchloric acid, heat until dense fumes of 
perchloric acid are evolved, then carefully add 10 ml of 12M hydrochloric acid and heat to volatilise 
the chromium. Continue to heat the sample to fumes of perchloric acid, and make second and third 
additions of hydrochloric acid. Again heat the solution to dense fumes of perchloric acid and 
continue heating until less than 5 ml of nerchloric acid remain in the beaker. Cool. then add 50 ml of 
water to dissolvgthe perchlorate salts. (if iron hydrolyses from solution,add 3 ml oil2M hydrochloric 
acid and heat until it redissolves, then add 2 ml of 12M perchloric acid and again take to fumes of 
perchloric acid.) Add 25 ml of 6 % sulphurous acid. Heat to boiling and boil for 2 min. While boiling, 
add 0.5 g of hydrazine sulphate. After the latter has dissolved, remove the beaker from the hot plate 
and coorto room temperature. Adjust the pH to 2.0 & 0.2 (pH meter) by carefully adding aqueous 
ammonia dronwise. Next. add 20 ml of 25% citric acid solution and adiust the nH to 6.0 & 0.5 with 
aqueous ammonia. Add 25 ml of formic acid mixture. (A precipitate may form at this point in the 
procedure. It will redissolve on heating.) Dilute the sample to 300 ml and digest at low heat. Heat to 
boiling and add 20 ml of 10% thioacetamide reagent. Again heat to boiling, and repeat the addition 
of this reagent until 60 ml has been added. Digest at 90” for 1 hr. While still hot, filter the thioaceta- 
mide precipitate through a 12.5-cm Whatman No. 42 filter paper containing pulp. Wash the beaker 
and paper 10 times with thioacetamide wash water. Transfer the paper and precipitate to the beaker in 
which the precipitation was made, and add 15 ml of water, 30 ml of 16M nitric acid and 8 ml of 12M 
perchloric acid. Decompose the paper and precipitate by heating until dense fumes of perchloric acid 
are evolved. Remove the beaker from the hot plate, cool and add 100 ml of water. Add 10 ml of 10% 
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hydroxylamine hydrochloride solution and adjust the pH with aqueous ammonia until Congo Red 
paper changes from blue to red. Transfer to a 2%ml separatory funnel,and add 15 ml of Neocuproine 
reagent. Shake, add 25 ml of chloroform and shake again for 30 sec. After separation of the phases, 
discard the organic phase. Repeat with a further 25 ml of chloroform. Make a second and third 
extraction with NeocuproIne and chloroform. Use one lo-ml portion of Neocuproine and two 15ml 
portions of chloroform in each of these extractions. After the tlnal extraction, transfer the aqueous 
phase to the original 600-ml beaker. Add 5 ml of 12Mhydrochloric acid and evaporate the solution to 
50ml to ensure the volatilisation of ethanol. (This precaution is necessary to prevent a violent 
reaction between nitric acid and hot ethanol.) Remove the beaker from the hot-piate, carefully add 
30 ml of 16M nitric acid and heat until dense fumes of nerchloric acid are evolved. Cool, add 10 ml of 
water and digest the solution at low heat for 5 min. fransfer the contents of the 600~ml beaker to a 
150-ml beaker, rinsing the 600-ml beaker with a minimum of water. Carefully evaporate the contents 
of the 150-ml beaker to complete dryness at high heat. Cool, add 2 ml of hydrochloric acid 
polarographic solvent and digest at low heat until the residue in the beaker completely dissolves. 
Cool and adjust the solution to a pH of 9.6 f 0.2 (pH meter and micro electrodes) with 1: 1 aqueous 
ammonia (approximately 4 ml 1: 1 is necessary). Carefully transfer the contents of the 150-ml beaker 
to a IO-ml volumetric flask. Rinse the beaker with a minimum of electrolyte. Dilute to the mark with 
electrolyte. 

Pipette a 3-ml aliquot of the solution into a dry polarographic cell, record the polarogram for 
cadmium uersus a mercury-pool electrode according to the method suggested by Meites,B and calculate 
the percentage of cadmium. 

Separation of cadmium 
DISCUSSION 

Four elements present in stainless steel can interfere in obtaining accurate polaro- 
grams of cadmium : chromium, iron, copper and nickel. Because both chromium and 
iron form insoluble hydroxides in the ammonium chloride-ammonia electrolyte, 
they must be separated from the cadmium. The chromium was removed by volatilisa- 
tion as chromyl chloride from fuming perchloric acid after dissolution of the sample, 
and the iron contamination of the sulphide precipitates was prevented by careful 
control of pH and repeated washing of the precipitates. Copper and nickel are soluble 
in the electrolyte and reducible at the dropping mercury electrode. It was found that 
a very small amount of nickel was carried along with the copper and cadmium 
sulphide precipitates. However, the half-wave potential of nickel, which occurred 
at -0.95 V, could be easily differentiated from the cadmium wave at -0.67 V. 
Copper exhibited a double wave with half-wave potentials of -0.25 V and -0.51 V. 
When present in the concentrations found in the stainless-steel matrices, it produced 
large polarographic waves which made the accurate determination of cadmium 
virtually impossible. Extreme compensation was required to obtain the cadmium 
wave on scale and a large residual current was produced. The copper interference 
was overcome by complexing the copper with Neocuprojine and extracting the complex 
with chloroform. 

Bowersox and Swift9 have established the conditions of pH and temperature 
necessary to precipitate cadmium quantitatively with thioacetamide from a solution 
containing no other element. In addition to these conditions, it was found necessary 
to reduce the iron(II1) in the sample to iron(I1) and also to reduce the small amount 
of chromium(VI), remaining after volatilisation to chromium(III), before the thio- 
acetamide separation. Table I shows the effect of chemical reduction on the recovery 
of cadmium in 2 samples of stainless steel. The lack of precipitation of cadmium as 
a sulphide in those samples not reduced is probably caused by the consumption of 
thioacetamide in reducing iron(II1) and chromium(V1). As can be seen in this table, 
the cadmium lost in the thioacetamide precipitation was recovered with hydrogen 
sulphide from the filtrates of the thioacetamide separation. 
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TABLE I.-EFFECT OF REDUCTION ON RECOVERY 
OF CADMIUM' 

Recovered, Y0 

Thioaeetamide 
separation 

Subsequent 
HIS separation 

No 
reduction 

With 
reduction 

0~0000 0.0092 
0~0000 OGO98 

0.0098 00lOO 

D Cadmium added to a solution of NBS 1Ole stainless 
steel to give O.OlO~&. 

As indicated by Lundell and Hoffman,lO copper precipitates together with cadmium 
during the hydrogen sulphide separation of these elements. Copper also accompanied 
cadmium during the thioacetamide separation of cadmium from stainless steel. 
Because copper interferes in the polarographic determination of cadmium, it became 
necessary to separate the copper from the cadmium after the sulphide precipitation. 

Cadmium sulphide, after precipitation with hydrogen sulphide, is reportedly 
soluble in hot 1:2 hydrochloric acid. r1 After verification of this information, the 
solubility of copper sulphide (from a hydrogen sulphide precipitation) in the same 
solution was investigated. It was found that copper sulphide is only slightly soluble 
in hot 1: 2 hydrochloric acid. This suggested a means of separating the cadmium from 
the bulk of the copper. However, as can be seen in Table II, when the cadmium 

TABLE IL-RECOVERY OF CADMIUM BY 
ACID TREATMENT 

Recovered”, y0 

In 1:2 HCl In residue 

Hydrogen 0.0090 0.0009 
sulphide 0.0083 0.0007 

Thioacetamide 0.0042 
oxi 

0.0051 
Not determined 

a Cadmium added to NBS 1Ole stainless steel to 
give O.OIO”h. 

sulphide recovered after the thioacetamide precipitation was treated with 1:2 hydro- 
chloric acid, much of the cadmium remained in the residue. The cadmium sulphide 
precipitate from the thioacetamide separation was coarse and crystalline, and probably 
did not dissolve as rapidly as the cadmium sulphide precipitated with hydrogen 
sulphide. Thus, copper and cadmium sulphides precipitated with thioacetamide 
could not be easily separated by the preferential dissolution of cadmium sulphide 
with hydrochloric acid. 

There are very few methods for quantitatively separating large amounts of copper 
from trace amounts of cadmium. Those available involve either precipitation or 
electrodeposition of the copper; they are lengthy, involved and laborious. They 
suffer from inaccuracy because of coprecipitation or codeposition of a portion of the 
cadmium. It was, therefore, decided to investigate a different approach to the 
problem. 
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Smith and McCurdy12 have proposed Neocuprolne (2,9-dimethyl-1, lo-phenanthro- 
line) as a specific reagent for copper. Luke and CampbelP3 studied the reaction of 56 
metals (including cadmium) with Neocuprolne and found that only copper would 
form a coloured compound which was extractable into chloroform. We investigated 
the possibility that cadmium might form a colourless compound which was extractable. 
Several solutions were prepared containing either copper or cadmium in amounts 
similar to those expected in the stainless steels. The copper was then extracted into 
chloroform as its Neocupro’ine complex. The aqueous layer was evaporated to 
dryness, the residue was dissolved in the ammonium chloride-ammonia electrolyte 
and polarograms of suitable aliquots were recorded. The results of these polarograms 
are presented in Table III. It was found that copper was completely separated from 

TABLE III.-CADMIUM RECOVERY 

FOLLOWINGSEPARATlONOFCOPPER" 

Cadmium, % 

Added Recovered Difference 

0~0010 0.0012 +owO2 
0.0040 0.0038 -0.0002 

a 0.40% of copper taken 

the cadmium by the Neocuproine-chloroform extraction method, because no diffusion 
current for copper could be detected. The recovery of cadmium from the aqueous 
layer of the extractions was within f04002 % of the amount present. 

Evaluation of procedure 

The procedure was checked by adding various concentrations of cadmium to a 
National Bureau of Standards (NBS) stainless-steel sample. The polarographic results 

TABLE IV.-RECOVERY OF CADMIUM FROM STAINLESS STEEL 

18 Cr-9 Ni (NBS 101e) 

Cadmium 
added, % Average 

Cadmium recovered, % 

Minimum Maximum Difference 

oGOO5 0.0005 003047 0.00062 0.0000 
0~0010 oGO1o OGOO98 0+)0011 oGOOO 
0.0050 0.0048 0.0046 0.0049 -0.0002 
0.010 0+093 oGO91 0.0097 -0GoO7 

TABLE V.-RECOVERY OF CADMIUM FROM 

VARIOUS STEELS 

NBS 
Cadmium, % 

Stainless steel no 
. Recovered” Difference 

18 Cr-9Ni 1Ole OX)048 -0GOO2 
Nb-Ta stabilised 123b 0.005 1 +o~oOOl 
18Cr-lONi-0.4Ti 121c oGO47 -0wO3 
18Cr-14Ni-3Mo 160A 0.0048 -0~0002 

n OWSO% of cadmium added. 
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in Table IV show that recovery was within & 10 ‘A of the amount present, except at 
the 04005 % level where recovery was within A 13 % of the amount present. 

Table V shows that in spite of the presence of niobium, tantalum, molybdenum 
and titanium, the recovery of added amounts of cadmium from National Bureau of 
Standards steel samples was within 10% of the amount added. 

Zusamrnenfassung-Eine Methode fiir die Bestimmung von kleinen 
Mengen Cadmium in tostfreiem Stahl wurde entwickelt. Dabei wurden 
Cadmium und Kupfer zuerst mit Thioacetamid von den anderen 
Elementen getrennt. Nach Extraktion von Kupfer mit Neocuproin in 
Chloroform wurde Cadmium polarographisch in einem Ammonium- 
chlorid-Ammoniak-Elektrolyten bestimmt. Zwischen 0,001 und 
O,Ol% entsprachen die Cadmiumwerte auf etwa 10% genau den 
anwesenden Mengen. Bis herunter zu 0,0005~0 Cadmium wurden 
bestimmt, die obere Grenze wurde durch kleinere Proben oder Teilung 
der Proben iiber O,Ol% hinaus ausgedehnt. Die Methode kann auf 
alle handelstiblichen rostfreien Stable angewandt werden. 

Resume-On a Blabore une mtthode pour le dosage de petites quantitts 
de cadmium dans l’acier inoxydable. Dam cette technique, on s&pare 
d’abord le cadmium et le cuivre des autres elements par le thioacetamide. 
Aprbs extraction du cuivre a la neocuproine en chloroforme, on dose le 
cadmium par polarographie, dans un electrolyte chlorure d’ammonium 
ammoniaque. Entre 0,001 et 0,Ol p. cent, les resultats en cadmium 
sont prtcis a 10% p&s. On a pu doser une quantite de cadmium 
n, excedant pas O,OOOS%, et la limite superieure a et6 &endue au-de18 
de O,Ol% en utilisant un plus petit echantillon, ou en prelevant une 
partie aliquote. Cette methode peut etre appliquee a toutes les qualites 
commerciales d’acier inoxydable. 
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PRELIMINARY COMMUNICATION 

Purification of metal chelates by a zone-refining technique* 

(Received 1 June 1964. Accepted 13 June 1964) 

ZONE-refining techniques have recently been adopted as a promising method of purifying various 
organic compounds1 This communication reports on the application of this technique to the 
purification of metal chelate compounds. 

It is well known that certain types of metal chelate compound have definite melting points 
without decomposition. Most of such chelate compounds belong to the inner complex type, in 
which the positive charge of the metal ion is neutralised by the negative charge of the ligands, and the 
co-ordination number of the metal ion is completed by the ligand molecules. Typical examples of 
this class are the metal chelates of @-diketones or a-dioximes. We have examined the zone-refining 
technique for the purification of various inner complex chelates in the hope that the central metal ion 
could be purified by this process. 

For example, tris(acetylacetonato)chromium-III (m.p. 214”) was subjected to zone refining. The 
crude material, which was synthesised from reagent-grade chemicals, was melted in a borosilicate 
glass tube (8 mm in diameter, 150 mm in length) which was sealed under nitrogen. The tube was 
processed for zone refining, with a heater temperature of approximately 220”, and with a downward 
rate of 3 cm/hr. After repeating the process, the samples from the top, middle and bottom portions 
of the column were subjected to emission spectrographic analysis. The results are shown in Table I. 

TABLE I.-ZONE REFINING OF TRIS(ACETYLACETONATO)CHROMIUM-III 

Exp. No. of 
Portion of Elements detected* 

column 
no. passes sampled Al B Ca Fe Mg Na Si 

Top 
1 17 Middle 

Bottom 

2 26 
Top 
Middle 
Bottom 

3 36 
TOP 
Middle 
Bottom 

X X X X 

X X X 

X X X X 

X X 

X X X X 

X X X X X X X 

X 

X X X X X 

* Emission spectrographic analysis were carried out using a Shimadzu QL-170 
Littrow type spectrograph. 

It is seen from the table that, as the number of passes increases, the purity of the top portion of 
the column improves progressively. It is also apparent that the impurities are concentrated in the 
lower part of the column. With 36 passes, no element other than chromium could be detected in 
the top portion of the column, From these results, it is evident that the central metal ion of the 
chelate compounds is purified by zone refining, and the results suggest that this technique could be 
a useful method of obtaining ultra-pure metals which cannot or which would be very difficult to 
obtain by the direct zone melting of the metals, because of their high melting points or of their ease 

* Contribution No. 68 from Department of Organic Synthesis, Kyushu University, Japan. 
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of oxidation during the process. It would also be of interest to investigate the physico-chemical 
properties of the ultra-pure metal chelates. Detailed investigations are in progress, and will be 
published elsewhere. 

KEIHEI UENO @ 
Department qf Organic Synthesis HISAMITSU KANEKO 
Faculty of Engineering NORIKI FUJIMOTO 
Kyushu University 
Fukuoka, Japan 

Summary-Metal chelate comuounds mav be nurified bv a zone- 
refining technique. As an example, zone ;efinin’g of tris(a&tylaceto- 
nato)chromium-III is described. It has been proved that the central 
metal ion can be purified by this technique. 

Zusammenfassung-Metallchelate lassen sich durch Zonenschmelzen 
reinigen. Als Be&pie1 wird die Reinigung von Tris(acetylacetonato)- 
chrom(III) beschrieben und gezeigt, da0 das Zentralion auf diese 
Weise gereinigt werden kann. 

R&um&-On purifie les chelates metalliques par la technique de 
raffinage par fusion de zone. A titre d’exemple,.on d&it le raffinage 
par fusion de zone du tris (acetylacetonato)Crr”, et on montre que 
l’ion metallique central peut Etre purifie par cette technique. 

REFERENCE 

1 E. F. G. Herington, Zone melting of organic compounds. Blackwell Science Publications, Oxford, 
England, 1963. 
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SHORT COMMUNICATIONS 

Separation of certain cations from mixtures of various cations on 
ion-exchange papers-IV* : arsenic, cobalt, magnesium, 

manganese, mercury, nickel or vanadium 

(Received 27 January 1964. Accepted 11 March 1964) 

EARLIER parts of this series have reported the separation of silver or thallium;* antimony or 
arsenic;2 and arsenic, barium, cadmium, tin, or zincs from essentially all other ions by paper chro- 
matography with complex-forming solvents on filter paper impregnated with either strongly-acidic 
cation-exchange resin or strongly-basic anion-exchange resin. Systems have now been found for 
other analytically useful separations. 

EXPERIMENTAL 

Standard procedures for the downward development of paper chromatograms in a commercially- 
available chamber were employed to test aqueous solutions of various selective reagents as developers. 
Details have been given in the papers cited above. Exploratory tests were performed by developing 
the following 26 representative ions individually with each reagent: Ag, Tl, Pb, Cu, Cd, Co, Ni, Hg*, 
HglI, Astrr, Ferrr, Sbrrr, VP, Bi, SnxV, AulI1, Pt’“, Al, CelI1, CeIv, Mg, Zn, Ba, MnII, CrlI1 and 
UVr. The method of preparation of each test solution at O.OSOM was reported earlier.4 The prom- 
ising reagents were then tested with the following compatible mixture, to which were added the 
ions to be separated if necessary: Ag, Al, Ba, Cd, Ce Iv, Cr, Co, Cu, Fe, Pb, Mg, Mn, Ni, Tl and Zn. 
Four spray reagents, previously described, 1,*,5 served to detect all the ions listed above. These 
included I-qumolinol followed by ammonia for Mn, Cr, Al, Ce, Mg, and Zn; potassium rhodizonate 
for Ba; potassium ferrocyanide for U; and ammonium sulphide followed by hydrochloric acid for 
the rest. 

Some of the reagents tested were also used as background electrolytes in earlier electrochromato- 
graphic studies of these ions.SpB We consequently knew the sign of the charge of each ion, in each 
of these particular solutions, from the mode of migration of each ion. As shown earlier,4 this did 
not help us to predict accurately which, if any, ion would be separated in the present paper-chromato- 
graphic studies. 

RESULTS AND DISCUSSION 

The separations obtained in various systems are summarised in Table I. The results given below 
are based upon at least four migrations of each ion in each system, with stated Rr values (measured 
to the front of solute zones) having a standard deviation of *@04 or less. The solvents were allowed 
to travel 30-35 cm past the origin in each case, which required about 2 hr with the cation-exchange 
paper and about 90 min with the anion-exchange paper, depending upon the form of the paper and 
the solvent used. 

Arsenic was separated from all 25 other ions, and vanadium was separated from all except mer- 
cury’, mercury”, and antimony111 tons, by development with a solution of O.OlOM sulphuric acid con- 
taining l.O%-of hydrogen peroxide, pH 2.5, on’cation-exchange paper in the hydrogen form (Reeve 
Aneel Grade SA-2. control A-7802-1.2). Arsenic mimated in a comnact zone with the solvent front 
(R,: l.O), but vanadium (Rr, 0.36) formed a zone 5.4-cm in length, the tail of which was 6.2 cm from 
the origin. Arsenic and vanadium were separated by about 2Ocm from each other. Except for 
antimony and the two forms of mercury, which formed diffuse zones extending from the origin and 
contaminated the vanadium, all other ions remained at or within 2.0 cm of the origin. Electro- 
chromatographic studies6 showed that vanadium, uranium and platinum were complexed by this sol- 
ution to give anions. However, the latter two anionic zones had enough aiBnity to retain them at the 
origin of the cation-exchange paper, The fact that anions do not necessarily leave the originoncation- 
exchange paper has been noted before. a Fritz and Abbink’ found similarly that although titaniumIv 

* Part III: see reference 3. 
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TABLE I.-IONS SEPARATED FROM MUL~COM- 
PONENT h4IXTUREs 

Ion separated Interferences 

1. AS 
v 

2. As 
V 

3. Mg 

4. Ni 

5. I-%’ 
HgTr 

Al, V, Ag, Hg’r 
Al, V, Ag, Hgr 

6. Mn 

7. As 
CO 

Cerxr (Mg and Ba lost) 

Hg’, Hg’I, Al, Co 
Hgi, Hg ii, Al, As 

Hgr, Hgr’, Sb 

V, Pt 
As, Pt, Al 

As, Ba, Co, Mn, Ni 

Co, Zn 

also formed a negative complex in this solvent, it resisted elution and remained in a tight band at 
the top of a column of hydrogen-form cation-exchange resin. However, columns of resin and papers 
impregnated with the same resin do not always yield identical chromatographii results when the 
same substances are developed with the same solvent. This has been demonstrated before* and again 
in this system, because Fritz and Abbink’ were able to separate mercury-II from vanadium on a col- 
umn of resin by elution with this solvent. 

Arsenic was separated from all 25 other ions except vanadium and platinum, and vanadium was 
separated from all 25 other ions except arsenic, platinum and aluminium by development with a solu- 
tion of 00125&f ammonia-triacetic acid (nitrilotriacetic acid) and 2,lM ammonia, pH 10.9, on SA-2 
paper in the sodium form. Vanadium (Rx, 0.84) migrated in a narrow zone 4-O cm in length, and 
arsenic (Rx, O-86) gave a circular zone 20 cm in diameter. Platinum streaked from the origin to con- 
taminate both arsenic and vanadium, and ~uminium formed a simifar, less diffuse zone which 
contaminated vanadium but which was separated by 1-O cm from arsenic. None of the other ions were 
closer than 40 cm (cobalt) to either arsenic or vanadium. Antimony and the two forms of mercury, 
which were not separated from vanadiumin the previous system, remained within 3-O cm of the origin 
in this system; platinum and aluminium, which were not separated from vanadium in this system, 
were within 20 cm of the origin in the previous one. Therefore, vanadium can be separated from all 
other ions in one or other system. Electrochromatography proved that all ions except silver (which 
formed the ammonia complex) were negatively charged; again, many of them did not migrate at all 
on cationexchange paper. 

Ma 
B 

e&urn was separated from all 25 other ions except arsenic, barium, cobalt, manganese and 
nickel y development with a solution of @10&f ammonium thiosulphate and 0.10&f ammonia, 
pH 95, on anionexchange paper in the thiosulphate form (Reeve Angel Grade SB-2, control A- 
10297). Magnesium (RF, 0.99) migrated in a fairly diffuse zone (11.0 cm in length), which was clearly 
separated from all ions except the five mentioned above. All of these except nickel streaked from 
the origin for almost the entire length of the paper. Except for these, zinc was the closest zone to 
magnesium, and it was separated by at least 12 cm. 

Nickel was separated from all 25 other ions except cobalt and zinc by development with a solution 
of O*lOM a~onium thios~phate, 0.~50~ sodium hydroxide and 6OM ammonia, pH 11.0, on 
SE2 paper in the thiosulphate form. Cationic nickel was detected spread out along the solvent 
front (Rp, 1-O); cobalt streaked from the origin to within l*Ocm of the solvent front, and zinc 
migrated (RF, 1-O) in a zone 4-l cm in length. Of the other ions, aluminium was the closest, 
being separated by 2.5 cm from nickel. Nickel was separated from zinc in the thiosnlphate system 
mentioned zinc immediately above; in it, nickel migrated (RR, O-98) in a zone 9-5 cm in length, and 
was always within 7.0 cm of the origin. Cobalt and nickel were not separated in that system either, 
but were separated in the cyanide system described below. In a previous paper* the separation of 
zinc from all ions except vanadium was reported. 
separated from zinc by at least 5.0 cm. 

In the present system, vanadium (RF, 0.68) was 

The mercury zones were separated from all 24 other ions except aluminium, vanadium and silver 
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by development with the same solvent as described immediately above on SA-2 paper in the am- 
monium form. The three interfering ions all streaked from the origin to contaminate the two forms 
of mercury, both of which migrated in an oblong zone 1.3 cm in length and 0.80 cm wide (Rr, 1.0). 
Of the others only platinum and arsenic were close to mercury, being separated by 40 and I.0 cm, 
respectively. 

Manganese was separated from 22 other ions by development with a solution of O*llM hydro- 
cyanic acid and O*lOM tetraethylammonium hydroxide, pH 9.7, on SB-2 paper in the chloride form. 
Manganese migrated with the solvent front (RF, 1.0) in an oblong zone 2.4 cm in length and 1.3 cm 
wide which was contaminated only by cerium”‘, 
origin almost the entire length of the paper. 

which formed a diffuse zone extending from the 
The closest of the rest of the zones were those of arsenic 

and thallium, both of which were separated from manganese by at least 2.5 cm. Because cyanide 
complexed many of the ions very strongly, it was nece&ary to spray the papers with hydro;hloric 
acid and to allow them to stand for several hours before the usual detection tests (above) were suc- 
cessful, Magnesium and barium, which are not complexed strongly by cyanide, inexplicably could 
not be located in this system by the usual tests or by any reagent which we could find referred to in 
the literature. Their position relative to manganese is therefore indeterm~ate. El~tr~hromato~ 
raphy showed that manganese was among the many anions in this solvent; thallium was cationic, 
and arsenic was uncharged. 

Arsenic and cobalt were separated from all 24 other ions except mercury*, mercuryrt and alu- 
minium, but not from each other, by development with the same cyanide-hydroxide solvent on SA-2 
paper in the sodium form. Anion& cobalt migrated in a compaci zone 1.3 cm in length (Rx, O-86), 
and uncharged arsenic migrated (IX*. O-90) in a zone 24 cm in leneth. The mercurv and aluminium 
zones (all anionic) streakeYd from‘the origin almost the entire lengtoh of the paper. The closest of the 
other zones, vanadium, was separated from arsenic and cobalt by 4.0 cm. It was possible to locate 
all ions in this system by using the preliminary acid spray described above. 

~c~nowZe~ge~~~-~e el~trochromato~aphic studies were performed by the author at the Argonne 
National Laboratory under the auspices of the United States Atomic Energy Commission, 

Department of Chemistry 
Lafayette College 
Eason, Penna., U.S.A. 

JOSEPH SHERMA 

Summary-Conditions are described for separating one or two ions 
from multicomponent mixtures by development with complexingagents 
on filter paper impregnated with ion-exchange resin. The ions separated 
~~~~plex mixtures are: As and V; Mg; Ni; Hgr + Hgrr; Mn; 

ZusammenfassunII--Es werden Arbeitsvorschriften zur Abtrennung 
verschiedener Ionen (As und V; Mg; Ni; Hgl + HgtI; Mn; 
As I_ Co) aus Gemischen vieler Ionen angegeben. Die Ionen werden 
auf mit Ionenaustau~h~harz impr~~ie~em Papier durch komplex- 
bildende Reagentien aufgetrennt. 

Rbum&-On d&it les conditions de separation de certains ions (As 
et V; Mg; Ni; Hgr -f Hg**; Mn; As + Co) de melanges com- 
portant de nombreux constituants, par d~velop~ment au moyen 
d’agents complexants, sur un papier fiitre impregnede r&sine echangeuse 
&ions. 
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An investigation of fast neutron activation analysis for determination 
of oxygen in metals* 

(Received 21 February 1964. Accepted 5 April 1964) 

UNTIL a few years ago the only method which could be. used for the determination of oxygen in 
almost all metals and alloys, was vacuum fusion. In the vacuum-fusion analysis of certain materials 
problems have been encountered in complete extraction of the oxygen from the sample and in 
gettering of the released gas by the metal vapour in the furnace. Because of the difficulties involved 
in preparing absolute standard samples of oxygen in metals, none are available for procedure develop- 
ment work. In view of the above-mentioned potential problems in applying vacuum fusion to all 
metals and alloys, nuclear methods of analysis’ were considered. 

EXPERIMENTAL 

Apparatus 

A Texas Nuclear Corporation model 150 neutron generator was used for irradiation. The 
generator produces 14-MeV neutrons by the 8H (d, n) 4He reaction. The neutron flux was of the 
order of 1 x lOa neutrons.cm-*.sec+. 

The counting of the activated sample was carried out with a Radiation Instrument Development 
Laboratory 200 channel pulse-height analyser in conjunction with two 3” x 3” NaI(T1) scintillation 
crystals. 

The sample transfer system used for rapidly transporting the samples from the generator to 
the counting position was operated by compressed nitrogen. A 8 x 2$” rabbit was generally used. 
The total transfer time for the 40-ft system was about 3 sec. 

Samples 

In order to compare effectively the results obtained by vacuum fusion analysis and fast-neutron 
activation, it is necessary to use samples of known analytical history. The samples used in this 
study were selected because of the consistency of the results, which had been obtained by vacuum 
fusion in several different laboratories. 

Sample preparation and encapsulation 

file, 
All samples for vacuum fusion and activation analysis were prepared by abrading with a clean 
then degreasing with benzene followed by an acetone rinse. Those which were intended for 

activation analysis were sealed in either polyethylene or aluminium capsules which were purged 
with dry methane before sealing. The polyethylene vials were sealed thermally and the aluminium 
vials were sealed by the Magneform process. The removal of both air and moisture from the vials 
before sealing is necessary. 

The standard sample was prepared from primary standard grade arsenic trioxide mixed with 
graphite and contained in a polyethylene capsule. The mixture contained 1OOmg of oxygen and 
was prepared so that it completely filled the polyvial. 

Procedure 

The samples and standard were loaded into the pneumatic transfer device and transferred to 
the irradiation position at the neutron generator. The sample was irradiated for 0.4 min, then 
transferred to the counting position and counted for 0.4 min. The relative neutron flux reading was 
taken before each irradiation so that corrections could be made for the variation of neutron flux 
with time. 

In the case of the polyvials, after irradiation and counting the vials were cut open, the samples 
removed, and the vials analysed several times in order to obtain the oxygen content of the vial. In 
the case of the aluminium vials, the analysis was carried out on each vial before encapsulation of 
the sample. Only one analysis was made for each aluminium vial because of the relatively low 
oxygen content. 

* The activation-analysis portion of this work was conducted by the author in the laboratories 
of the General Atomic Division of General Dynamics Corp., San Diego, California, U.S.A. 
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Caldations 

The spectrum of the gamma radiation obtained from the lpN is shown in Fig. 1. The area above 
the dotted line is the 6-7 MEV gamma radiation. This energy range was covered by about 25 
channels of the multi-channel analyser. The area above the dotted line is proportional to the 16N 

20 - 

0 
Energy - 

FIG. I.-Gamma ray spectrum of lBN from “0 in iron. 

and therefore to the oxygen content of the sample. The area under the curve above the dotted line 
is compared to that of the standard to compute the amount of oxygen present in the sample. The 
only correction made is a normalisation of the counts for the variation in neutron flux used for 
irradiation of the standard and the sample. No correction is made for the decay in the lBN activity 
during transfer from the irradiation position to the counting position because this time is essentially 
the same for the standard and the sample. The variation of neutron flux with time is shown in 
Fig. 2 and some actual data and calculations are shown in Table I. 

TABLEI.-COUNTINGRESULTS 

Sample 

Fe 
Nb 
Si-Fe 
MO 
Al 

Total Net 
counts counts 

1749 998 
593 374 
569 299 
146 77 

16 16 

Normalised Oxygen, Net oxygen, 
counts m!? mg 

1010 8.868 7.76 
378 3.318 2.25 
311 2.47b 1.37 
91 144c 1.27 
14.5 0.227c 0.227 

Oxygen, 
wt. % 

0.106 
0.0125 
0.0069 
oW61 
OWO8 

* Sensitivity: 114 counts/mg of oxygen. 
b Sensitivity: 126 counts/mg of oxygen. 
C Sensitivity: 63 counts/mg of oxygen. 

RESULTS AND DISCUSSION 

Table II contains a comparison of results obtained on various metals by both vacuum fusion 
and fast neutron activation analysis. The majority of the values obtained by both methods are in 
good agreement. The values marked (a) were encapsulated in aluminium and the value marked (b) 
was obtained without using a capsule. It was a single piece of aluminium machined to the size of 
a capsule. All other samples were encapsulated in polyethylene vials. 

The duplicate results shown in Table II were obtained on separate duplicate specimens, and 
not reactivation of a sample which had been previously analysed. It can be seen from Table I that 
the net counts for some samples is rather small and therefore the counting statistics are poor. The 

8 
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statistics could be improved by rerunning the sample several times. It can also be seen that the 
sensitivity for oxygen in ahuninium or in samples contained in aluminium capsules is much less 
than that in the other metals investigated. This is because of interference from the aluminium 
in the lower energy portion of the lsN spectrum. The interference is eliminated by using only the 
high energy portion of the curve. 

I 
OO 

I I I I I I 
10 20 30 40 50 60 

Time. min, 

FIG. 2.-Variation of neutron flux with time. 

TABLE II.-COMPARISON OF RESULTS 

Oxygen, wt. % 
Sample - - -___- Sample wt, g 

composition Vacuum fusion Activation analysis (activation analysis) 

Fe 0.102 0.106 7 
Fe 0.0165 0.0170 11 
Nb 0.0152 00125 18 
Nb base 0.0330 0.0298 24 
Nb base 0.0183 0.0185 8 

00204 
Si-Fe 00023 0.0022 

OGl23* 19 
00324 

Si-Fe oGI70 0.0069 20 
MO 0.0067 0.00618 20 
Al 00009 0X)008” 27 

a Aluminium capsules. 
b No capsule. 

In order to obtain good agreement between vacuum fusion and activation analysis, it is necessary 
to consider the possible sources of error in activation analysis and ways in which they can be elim- 
inated or minim&d. Because activation analysis is not absolute but a comparison between a standard 
and the unknown sample, the geometry of both counting and irradiation is extremely important. 
The use of the small neutron source makes this point even more important because of the relatively 
small neutron beam. The outside dimensions of both the standard and the unknown should be as 
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close as possible to ensure similar irradiation and counting. It is not necessary that the density be 
the same, however, because almost all materials are transparent to fast neutrons and gamma rays. 

When dealing with short half-life species, such as ‘ON, it is essential that rapid transfer between 
neutron source and counter be effected. This can be accomplished by using a pneumatic transfer 
system. Most samples are, however, not of the proper shape or form to be transferred without encap 
sulation. Polyethylene vials are very convenient to use for this purpose; however, the oxygen and 
nitrogen content is usually very high and erratic. One series contained 1100 f 150 pg of oxygen. 
If the value of each vial is determined separately and the oxygen value of the unknown corrected 
for the oxygen content of the polyvial, fairly good results can be obtained. 

Other materials, such as aluminium and copper, which contain fairly low concentrations of 
oxygen and nitrogen, can also be used for encapsulation of the samples. Ahtminium has been tried 
with eood results. but oroblems exist in the sealing of the cansule. While the ahnninium from which 
the czpsules were fab&ated contained about 8 p{m of oxygen, the finished capsules contained over 
20 ppm. This value was not consistent between capsules and the increase was probably caused by 
the heat generated by the Magneforming operation which was used to seal the aluminium capsule. 
The use of aluminium capsules lowered the background by about a factor of 10 below that when 
polyvials were used. Further work on fabrication will undoubtedly lower the background of 
aluminium capsules by a factor of 2 or 3. 

The oxygen content of the encapsulation material is not the only problem in encapsulation of 
samples, however. The volume of each capsule, if filled with air, contains about 2 mg of oxygen. 
Even though the sample occupies much of this volume, the oxygen content of the air occupying the 
capsule is significant and therefore must be removed. 
with methane and sealing with a soldering iron. 

When polyvials are used this is done by purging 
The problem is more complicated when aluminium 

capsules are used, because the capsule must be enclosed in a bag containing an inert atmosphere 
in order to have the top Magneformed on. Because the delay between sealing and irradiation can 
be considerable, the seal must be tight to prevent air leaks. 

Obviously, the way to eliminate the problems of air contamination and capsule background 
is to use a transfer system in which encapsulation is unnecessary. For many materials transfer 
systems, both pneumatic and mechanical, can be devised which will have a negligible background. 

From the data obtained in this study it appears that fast neutron activation analysis is a useful 
tool for the determination of oxygen in metals and compounds. While in some cases the large 
sample weight necessary may be a disadvantage, it is an advantage in material where an oxygen 
gradient exists across the specimen. The one technical advantage that fast neutron activation 
analysis has over vacuum fusion is that the result does not depend on recovery of the gas. Conse- 
quently, problems, such as gettering and incomplete reduction of oxides, are nonexistent. Because 
of this, oxygen determination by activation analysis can be accomplished on materials that are a 
problem by vacuum fusion. Some of these are phosphorus, silicon carbide, gallium phosphide and 
various sulphides. The largest contribution of activation analysis to the determination of oxygen 
in metals is probably in the area of alloys and compounds which cannot be determined by vacuum 
fusion or other conventional methods. 

While the combined activation and counting time for oxygen in metals is only 0.8 min, other 
variables tend to lengthen the actual analysis time. The surface preparation of the sample takes 
considerably more time for activation analysis than for vacuum fusion because of the longer time 
necessary to prepare the surface of the large samples properly and for the purging and encapsulation 
operation. While a degassing operation is unnecessary in activation analysis, accelerator maintain- 
ante time is significant. This is mainly because of deterioration of the target at an appreciable rate 
when the accelerator is operated at a-high neutron tIux. At present the fife of targ& operated at 
near full power is a matter of a few hours and the useful flux for oxygen analysis may be available 
for less than this because deterioration of the target is gradual. 

CONCLUSION 

It has been shown that fast neutron activation can give results comparable to those obtained 
by vacuum fusion for oxygen in metals. It is felt, however, that activation analysis should be used 
to compliment vacuum fusion in areas where difficulties are encountered with the vacuum fusion 
technique. Unfortunately, both methods have drawbacks and advantages in certain areas, and they 
should be used in the areas of their greatest strength. 

Physical Chemistry Department 
Research and Development Center 
Westinghouse Electric Corporation 
Pittsburgh 35, Pennsylvania, U.S.A. 

WILLIAM F. HARRIS 



1380 

Sumrna~--A comparison has been made between results obtained 
for the oxygen content of metals obtained by vacuum fusion and fast 
neutron activation over the range 00008-0*1 ‘A of oxygen. The 
metals investigated included iron, silicon-iron, aluminium, molyb- 
denum, niobium and niobium-base alloys. The problems encountered 
in the use of activation analysis for oxygen are discussed and solutions 
to them suggested. 

ZusanunenfassunS-Die Ergebnisse von Sauemtoffbestimmungen in 
Metallen durch Vakuumschmelze und durch Aktivienmg mit sch- 
nellen Neutronen wurden im Bereich von 0,0008 bis 0,l y0 Sauerstoff 
verglichen. Die untersuchten Metalle waren Eisen, Ferrosilicium, 
Aluminium, Molybdln, Niob und Legierungen auf Niobbasis. Die 
bei der SauerstoIIbestimmung durch Aktivierungsanalyse auftretenden 
Erobleme werden diskutiert und Vorschlage zu deren Liisung gemacht. 

R&nG---On compare les resultats obtenus, pour la teneur en oxygene 
des metaux, par la fusion sous vide et par l’activation aux neutrons 
rapides, dam le domaine compris entre 0,0008 et 0,l ‘A d’oxygene. 
Les metaux etudits comprennent le fer, le ferrosilicium, l’aluminium, 
le molybdene, le niobium et les alliages a base de niobium. On dis- 
cute des problemes rencontres dam l’emploi de l’analyse par activation 
pour l’oxygene, et on suggere des solutions a ces problemes. 

REFERENCE 

1 L. C. Bate, Nucleonics, 1963, 21,12. 

Miniature magnetic stirring motor for use in teaching 
and analytical control laboratories 

(Received 11 April 1964. Accepted 25 May 1964) 

ELECTRICALLY powered magnetic stirring devices of many types are available. Although much used 
in research laboratories, they are too expensive for regular use by students. They are too large for 
convenience, they cannot be immersed in water baths, and they generate heat in operation. The 
stirring motor here described is free from these faults. The speed can be varied over a wide range, 
from slow to fast, and will remain constant at any predetermined level over a long period of use. 

The parts of the motor are shown in Fig. 1. A magnet of Alnico, 45 x 20 x 8 mm, and weight 
46 g, capable of lifting 150 g of iron on contact, is hermetically sealed into a plastic armature, 57 mm 
in diameter and 10 mm thick, with 24 driving prongs. The rotor bearings are of brass. When sealed 
into its plastic casing, which is 75 mm in diameter, and 20 mm thick, the assembly weighs 105 g in all. 

The uses of this stirrer are illustrated in Figs. 2-6. It can be driven by water or compressed air, 
singly or with several units together. 

Expensive Teflon-coated Alnico-cored stirring bars are not needed. A satisfactory stirring bar 
can be made as follows. A length of Pyrex tubing of 4-mm bore is sealed off at one end. While it is 
still hot, a 25-mm length cut from a carpenter’s nail of slightly smaller diameter is heated just to 
redness and dropped into the tube. The tube is then drawn off just beyond the end of the piece of 
nail. For this operation, the tube can be held in forceps, or better, in a piece of spiral steel spring 
just small enough in diameter to grip the glass. The important thing is to heat the piece of iron before 
putting it into the tube; this makes it possible to achieve a closely fitting and well rounded seal. 

Noyes Chemical Laboratories G. FREDERICK SMITH 

University of Illinois 
Urbana, Illzkois, U.S.A. 

Columbus, Ohio, U.S.A. A. H. SMITH 
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FIG. l.--Integral parts of magnetic stirring motor. 

FIG. 2.-Tandem stirring operations with vacuum drive. 
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FIG. 3.--Stirrer operating whilst submerged in water bath. 

FIG. 4.-Beaker titration assembly. 



FIG. 5.-Stirring contents of lOOO-ml flask. Note cone at surface of liquid. 

FIG. 6.-Stirring in conjunction with pH meter. 
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Summary-A magnetic stirrer is described which may be. powered by 
water, air or vacuum, and which can be used for a variety of stirring 
operations, more satisfactorily than the electrically driven stirrers. 

Zusammenfasmmg-Ein Magnetriihrer wird beschrieben, der durch 
Wasser, Luft oder Vakuum angetrieben werden kann. Er e&net sich 
fiir viele Rtihroperationen vie1 besser als elektrisch angetriebene 
Riihrer. 

Resume-On d&it un agitateur magnetique qui peut &tre propuld au 
moyen d’eau, d’air ou de vide, et que l’on peut utiliser pour diverses 
operations d’agitation, de facon plus satisfaisante que les agitateurs 
mtis Clectriquement. 
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DETERMINATION OF COBALT(I1) IONS BY A 
DIFFERENTIAL SPECTROPHOTOMETRIC METHOD 

A. PALL, G. SVEHLA and L. ERDEY 
Institute for General Chemistry, Technical University of Budapest, XI 

Gellert-t&r 4, Budapest, Hungary 

(Received 28 January 1964. Accepted 28 February 1964) 

Summary-Cobalt(Ii) ions can be determined in the form of perchlo- 
rate by a differential spectrophotometric method, after evaporating the 
cobalt samples with perchloric acid to the production of perchloric acid 
fumes. From the absorption spectrum of cobalt(B) perchlorate the peak 
occurring at 19600 cm-’ (511 rnp) is chosen for the determination. 
By the systematic inv~tigation of optimum con~tration limits it has 
been shown that if a solution containing 12 g/litre of cobalt is used as a 
reference, the concentration determination can be carried out with an 
error less than lo/& while the corresponding photometric error decreases 
to less than 0.1 Oh. The effects of some foreign ions have been investi- 
gated; chromium, if present in the tervalent state, causes high positive 
errors. Other metal ions examined have no significant effect. 

THE use of high-~rformance ~~~~t~ophotorn~t~rs permits of a desirable increase in 

the accuracy of analytical determinations. In particular, differential spectrophotom- 
etry promises the reduction of errors to such an extent that even ions which are 
present as main constituents in samples can be determined with adequate accuracy. 
Numerous differential spectrophotometric methods have already been described by 
various authors, among which determinations of copper,l nickeL2 dichromatc and 
permanganate,3 titanium,* uranium,5,6 vanadium’ and phosphates are the most 
widely used. The present investigation was to find the best experimental conditions 
for the determination of cobalt in the form of cobalt(I1) perchlorate. From the point 
of view of differential spectrophotometric methods, the measurement of the optical 
densities of metal perchlorates are very suitable, partly because perchlorates generally 
do not form complexes which cause deviation from Beer’s law, and partly because 
perchlorates can easily be prepared by simple evaporation with perchloric acid. 

Reagents 
EXPERIMENTAL 

Cobalr(JI) pet-chlorate solution, containing SO.00 mg/ml of cobalt, was prepared by dissolving 
246.904g of analytically pure cobalt(I1) nitrate hexahydrate in water to which 35Oml of 60% 
perchloric acid were added, and cautiously evaporating the mixture to the appearance of white 
perchloric acid fumes. The solution was then diluted with water to exactly 1 litre. The cobalt content 
of the solution was checked by gravimetric methods. 

This was used as a stock solution for the preparation of comparison standards. Because no marked 
effect on the optical densities was found if the concentration of perchloric acid was changed over a 
wide range, dilutions from the stock solution were simply made by water. 

Apparatus 

The absorption spectra of the metal perchlorates were obtained by a Unicam SP 700 spectro- 
photometer, equipped with a recorder presenting transmittance vs. wave numbers. One-cm silica 
cells were used, and spectra were recorded between 50 x 108 and 4 x 10s cm-l wave numbers. 

Optical densities were measured with a Hilger Uvispec spectrophotometer. Two l-cm silica 
cells were used systematically, one always containing the reference solution, the other being the one 
to be measured. 

1383 
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Absorption spectra 

RESULTS AND DISCUSSION 

The transmittances of accurately prepared metal perchlorate solutions, containing 
10 g of metal ion in 1 litre of solution (10 mg/ml), were measured against water. 
Fig. 1 shows the absorption spectrum of cobalt(I1) perchlorate. The curve shows a 
characteristic maximum at 19600 cm-l (511 m,u). This wavelength was used for the 
optical density measurements, where the specific absorbance of cobalP ions is 
7.9 x 1O-2 litre.g-l.cm-I. Similarly, the absorption spectra of the perchlorates of 
those metal ions which often occur with cobalt were checked carefully for interference. 

I.OJ I I , I 
50 40 30 20 IO 

L 

cm’x IO3 
FIG. l.-Absorption spectrum of cobalt(I1) perchlorate 

(10 g of CorI/litre) 

The absorption spectra of the perchlorates of nickel(II), iron( copper and 
chromium(III) are shown in Figs. 2, 3, 4 and 5 respectively. 

By comparing these spectra it can be seen that the absorbances of nickel(II), 
iron(I1) and copper(I1) perchlorates at 19600 cm-’ are very low, and therefore there 
are no serious interferences to be expected in their presence. Chromium(II1) perchlo- 
rate, however, shows marked absorption at this wavelength, and therefore a marked 
interference from chromium(II1) is to be expected in determinations. 

Optimum concentration limits 

The determination of the optimum concentration limits was made by carrying 
out a series of sets of optical density measurements and calculating the corresponding 
percentage errors of the concentration determinations.s The region showing lowest 
errors was chosen as the most suitable one. 

A set of solutions was prepared, containing 2, 4, 6, 8, 10, 12, 14, 16, 18, 20, 22, 24, 26, 28, 30, 
32, 34, 36 and 38 g of cobalt per litre. Five sets of experiments were made. As reference solutions 
water (concentration = 0) and cobalt(D) perchlorate solutions containing 6,12,18 and 24 g of cobalt 
per litre were chosen. Optical densities were measured in all cases six times (including refilling of the 
cells and readjustment of the instrument). The means of six readings are presented in Table I. 

In each set the optical densities, when plotted against concentrations, yield linear 
curves. Using the method of least squares, the equations of the best linear curves 
fitting the experimental points were determined, together with the standard deviations 
of the intercept and the slope. These equations are summarised in Table II. 
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(1 g of Cril’/litre) 

TABLE L-OPTICAL DENSITIES OF COBALT(U) PERCHLORATE SOLUTIONS 

Concentration 
of cobalt, 

g/l&e 
-~-- 

0 
2 
4 
6 

1: 

12 
14 
16 
18 

ii 

% 
28 
30 
32 
34 
36 
38 

Optical density measured against solutions having 
concentrations of cobalt,gjKfre 

-- 
0 6 12 18 24 

_~_________ 
0~0000 
0.168 
0.334 
0506 oGOOo 
0.674 0.816 0.3075 O-1676 

1 G45 0.5180 OQOOO 
1.194 0.6825 0.1680 
1,372 0.8600 0.3393 
1.562 1.0440 0.4958 oaOOo 

1.738 0.6720 0.8272 0.1649 0.3244 
la030 0.4904 OWOO 
1*1900 0.6865 0.1928 
1.3625 0.8405 0.3537 
1.5525 0.9604 0.5290 

0.6778 
0.8320 
0.9835 
1.1484 

TABLE II.--CQRRELATIONS B~WEEN CONCENTRATION AND OPTICAL DENSITY 

Concentration of the 
reference solution, 

C IW, 
g/&-e 

- 
0 

126 

Best linear curve 
fitting the experimental 

points, 
E=ac+b 

0.0874 C + 0.0206 
0.0873 C - 0.5362 
0.0855 C - 11.0343 
0.0820 C - 1.4736 
0.0807 C - 1.9149 

Standard deviation of 
--~----~_ 

Intercept Slope 
% % 

-- 
51.14 x 10-Z &9-20 x lo-’ 
15.01 x IO-2 It3.97 x 10-S 
-+8.05 x lo+ 13.7 x 10-4 
*439 x IO-2 &1*81 x 10-a 
k3.30 x 10-a &l*lO x 10-a 
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TABLE UI.--ERRORS OF COBALT DETERMINATIONS BY DIFFERENTIAL 

SPEC~OPHOTOMETRIC METHODS 
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Cobalt(II), 
g[litre 

Photometric 
error~ 

S~ x 100, Sb X 100, S~ 
E - - b  E - - b  a 

% % % 

Total error, 

S--L x 100, 
C 

% 

Measured against water (Cre~ = 0) 

2 1.36 6.54 
4 0.22 3'27 
6 0.15 2.18 
8 0 1 "63 

10 0.11 1"31 
12 0.14 1.09 
14 0-25 0.93 

1.05 

8"95 
4"54 
3"38 
2"69 
2-47 
2-28 
2-24 

Measured against Crer = 6 g of Co per litre of solution 

8 O.03 7"18 
10 0.06 5.75 
12 0.02 4"79 
14 0-06 4-11 
16 0-07 3-59 
18 0.07 3"19 

4-55 

11-76 
10.36 
9"37 
8-71 
8-21 
7-80 

Measured against Cret = 12 g of Co per litre of solution 

14 0.04 0.67 
16 0.03 0-59 
18 0.02 0-52 
20 0-02 0"47 
22 0.08 0.43 
24 0.07 0.39 
26 0-05 0.36 

0.43 

1.15 
1-04 
0-98 
0.92 
0.94 
0'89 
0.84 

Measured against C~et = 18 g of Co per litre of solution 

20 0.04 2-68 
22 0.21 2-43 
24 0.03 2.23 
26 0.06 2.06 
28 0.07 1.91 
30 2.29 I '78 

2"21 

4"92 
4-85 
4-47 
4-32 
4.19 
6.28 

Measured against Cret = 24 g of Co per litre of solution 

26 0"04 0"04 
28 0'04 1"46 
30 0"09 1 '36 
32 0"18 1 "28 
34 0"21 1 "20 
36 0"39 1 "14 
38 0-25 1 "08 

1"38 

5'06 
5"14 
5"25 
5"41 
5"54 
5"81 
5"77 
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For all the sets of experiments the errors were then calculated, as described 
elsewhere.w It was there pointed out that the error of concentration determination 
by a differential spectrophotometric method depends on the measured optical density 
(i.e., on the concentration itself) and can be expressed by the following equation: 

SC SE x lOO=- 
sb 

c E-b 
x 100+- 

E-b 
x 100 +; x 100. 

Simplifications arising from the use of cells of 1 cm in length are included in this 
expression. Here Sb and Sa are the standard deviations of the intercept and slope, 

A 

1.6 - 

1.4 - 

I.2 - 

I.0 - 

E 0.8 - 
0.6- 

41 
FIG. 6.-Calibration curve for cobalt determination 

(E,,* = 0.975) 

respectively, while the value S, is the standard deviation of the optical density 

SE 
measurements. The value - 

E-b 
x 100 is the so-called photometric error; for the 

details of its calculation see the earlier paper. w The results of the error calculations 

are shown in Table III. The best results can be obtained using a solution containing 
12 g of cobalt per litre as a reference. In this case the total error of the method is 
somewhat lower than l%, while the “photometric error,” i.e., the coefficient of 
variation of the optical density measurement, is generally lower than 0.1%. The 
calibration curve is shown in Fig. 6. 

Eflect of foreign ions 

Various metal ions (5, 10, 15 and 20 g per litre) were added to solutions con- 
taining 22 g of cobalt(I1) per litre. The optical densities of the resulting solutions 
were measured against a reference solution containing 12 g per litre of cobalt. 

The results of these measurements, together with the errors caused by the metal 
ions, are presented in Table IV. As may be seen from these results, the investigated 
metal ions reduce the optical density, causing about a 1 o/o negative error in the 
concentration measurement. This excludes chromium which, as pointed out earlier, 
causes a very high positive error; this can be eliminated, however, by the oxidation 
of chromium to chromate. A further report will be given later on this, and on the 
differential spectrophotometric determination of chromium. 
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TABLE IV.-EFFECT OF FOREIGN ION 
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Ion 

Concentration 
of foreign 

ion, 
gllitre 

Optical 
density 

Cobalt 
concentration, 

gjlitre 
Error caused 

by the ion 

True Measured 
value value gjlitre % 

Cra+ 5 
10 
15 
20 

Ni’+ 5 
10 
15 
20 

Cl.P+ 5 
10 
15 
20 

Mns+ 5 
10 
15 
20 

Fea+ 5 
10 
15 
20 

Fez+ 5 
10 
15 
20 

1.136 22.00 25.38 + 3.38 +15.3 
1.518 22.00 20.84 +7.84 +35.6 
1.944 22.00 34.83 + 12.83 +58.3 
2.245 22.00 38.35 + 16.35 +74.3 
0.792 22.00 21.35 -0.65 -2.95 
O-820 22.00 21.68 -0.32 -1.45 
0.840 22.00 21.91 -0.09 -0.41 
0.820 22.00 21.68 -0.32 -1.45 
0.792 22.00 21.35 -0.65 -2.95 
0.776 22.00 21.17 -0.83 -3.77 
0.776 22.00 21.17 -0.83 -3.77 
0.814 22.00 21.61 -0.39 -1.77 
0.826 22.00 21.75 -0.25 -1.13 
0.831 22.00 21.81 -0.19 -0.86 
0.844 22.00 21.96 -0.04 -0.18 
0.835 22.00 21.85 -0.15 -0.68 
0.794 22.00 21.38 -0.62 -2.81 
0.824 22.00 21.73 -0.27 -1.22 
0.816 22.00 21.63 -0.37 -1.68 
0828 22.00 21.77 -0.23 -1.04 
0.784 22.00 21.26 -0.74 -3.36 
0.823 22.00 21.71 -0.29 -1.31 
0.812 22.00 21.59 -0.41 -1.86 
0.832 22.00 21.82 -0.18 -0.81 

Procedure 

Dissolve a sample, containing about 1.5-2.5 g of cobalt in 50 ml of perchloric acid (1:3). 
If this cannot be done, dissolve the sample in any other way and evaporate the solution together 
with 50 ml of perchloric acid (1:3) until white perchloric acid fumes appear. Allow to cool, 
transfer the solution to a lOO-ml volumetric flask, dilute with water to the mark, mix the solution 
well, and measure the optical density of the solution against a reference solution containing 12 g of 
cobalt per litre. Prepare a calibration graph with solutions containing 14-26 g of cobalt per litre. 
(The calibration solutions can be prepared as described under Reagents.) Chromium(II1) causes high 
positive errors. 

Zusannnenfassung-Kobalt(II)-ionen konnen als Perchlorat mit einer 
spektralphotometrischen Differenzmethode bestimmt werden, wenn die 
Kobaltproben mit Uberchlorsaure bis zum Erscheinen von Uberchlor- 
saurenebeln eingedampft werden. Aus dem Absorptionsspektrum von 
Kobalt(II)-perchlorat wurde die Bande bei 19,600 cm-r bzw. 511 rnp 
zur Bestimmung ausgewahlt. Durch systematische Untersuchung der 
optimalen Konzentrationen lie13 sich zeigen, da13 die Konzentrations- 
bestimmung auf besser als 1% genau ausgeftlhrt werden karm, wenn als 
Vergleichsliisung eine Losung mit 12 g Kobalt pro Liter verwendet 
wird. Der photometrische Fehler wird dabei kleiner als O,l%. Der 
EinfluB einiger Fremdmetalle wurde untersucht; dreiwertiges Chrom 
gibt hohe Plusfehler. Andere untersuchte Metallionen haben keinen 
nennenswerten EinfluD. 

RBsum~On peut doser les ions cobalt(I1) par une methode spectro- 
photometrique differentielle, a l’etat de perchlorate, aprb evaporation 
des echantillons de cobalt avec de l’acide perchlorique, jusqu’a appari- 
tion de fumees de cet acide. Dans le spectre d’absorption du perchlorate 
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de cobalt(II), on a choisi, pour ce dosage, le pit situ6 a 19,600 cm-r 
(5 11 millimicrons). Par l’etude systematique des limites de la concen- 
tration optimale, nous pouvons etablir que, si l’on emploie une solution 
contenant 12 grammes de cobalt par litre comme reference, la deter- 
mination de la concentration peut &tre effectuee avec une erreur 
inferieure ii. lx, cependant que l’erreur photometrique correspondante 
est inferieure a O,l%. On a etudie l’influence de quelques metaux 
&rangers. Parmi ceux-ci le chrome, s’il est present a l’etat trivalent, 
est cause d’erreurs positives elevkes. D’autres ions metalliques examines 
n’ont pas d’effet significatif. 
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Summary-Various aspects of the determination of sodium, potassium, 
magnesium, manganese and calcium in cement by atomic-absorption 
spectrophotometry are described. For the determination of sodium, 
potassium and magnesium, both the calibration curve method and 
the addition method were found suitable because of the linear rela- 
tionship between absorption and concentration. For the determination 
of manganese and calcium, the calibration curve method was found 
suitable. T’he calibration curves for sodium and potassium must be 
prepared to contain the same concentration of calcium as the analyzed 
samples. The method is rapid, and no preliminary separations are 
necessary. The precision for the determination of sodium, potassium, 
magnesium and manganese is satisfactory, but is insufficient for 
calcium because of the large calcium content of cement. 

INTRODUCTION 

CURRENT methods for determining sodium, potassium, magnesium, manganese and 
calcium in cement include flame-emission techniques for sodium and potassium, 
titration with ethylenediaminetetra-acetic acid for magnesium and calcium, and a 
photometric technique for manganese. The phenomena of self and mutual inter- 
ferences are observed in the flame-emission methods for alka1is.l Magnesium and 
manganese can also be determined by the flame-emission method. This method, 
however, is insufficiently sensitive. 

The method of atomic-absorption spectrophotometry has been found suitable 
for use in routine analysis because of the marked freedom from interference, the 
high degree of accuracy and the simplicity of operation compared with other pro- 
cedures. The aim of the work described in this paper was to examine the application 
of atomic-absorption spectrophotometry to the determination of sodium, potassium, 
magnesium, manganese and calcium in cement. 

EXPERIMENTAL 

Apparatus 

The instrument used in this work was a Hitachi photoelectric spcctrophotometer EPU-2, together 
with the Hitachi atomic-absorption attachment RA-1. Fig. 1 shows the optical system of the equip- 
ment. The electrical emission-compensation system was used to measure the intensity of the absorbed 
radiation without interference by emission from the vaporised sample. 

The 7-cm fish tail burner, which could use an air-acetylene mixture, was water-cooled throughout 
the work. A sample solution was atomised into the spray chamber by an air stream. Acetylene 
was introduced directly into the burner, and mixed with the air from the spray chamber at the 
bottom of the burner. 

1391 
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L.. ~_.-_.-..___-~‘--L.._._ -1 

FIG. l.-Optical system of Hitachi atomic absorption spectrophotometer. 
H.C.L: Vapour discharge lamp or hollow-cathode lamp. 

M,, Ma, M,: Mirrors. 
sr, sa, ss: slits. 
P: Prism. 
T : Photomultiplier tube. 

Operating conditions 

The optimum conditions listed in Table I were established by preliminary work with solutions of 
pure sodium, potassium, magnesium, manganese and calcium. 

Lamp current: The lowest possible lamp current was necessary for operating the magnesium or 
calcium cathode lamps. The magnesium hollow-cathode lamp (Mg-Al cathode) used in this work 
could not be operated with a current less than 30 mu because of the low light intensity of the lamp 
and poor sensitivity of the detector for low light intensity. The limit of detection of magnesium 
in the present method is 1 pg/ml. The effect of lamp current on magnesium absorption is shown 
in Fig. 2. However, the manganese lamp showed an increase of sensitivity with increase in lamp 
current (Table II). 

Acetylene pressure: After the air pressure had been set at a constant value (1.4 Kg/cm2), an 
examination was made of the effect on absorbance when the acetylene pressure was varied. The 
position of the passage of the beam from the hollow-cathode lamp through the flame was set at 
6 mm above the burner top. The top of the inner cone was 4 mm above the burner top. No incan- 
descence in the flame was observed at 0.32 Kg/cm2 of acetylene. The top of the inner cone varied 
and the incandescence increased with increase of the acetylene pressure. The incandescence was 
visible in the whole of the flame at 0.46 Kg/cma of acetylene. The results are summarised in Fig. 3. 
From these results it can be seen that an acetylene pressure from 0.32 to 0.46 Kg/cm2 seems to have 
no effect on absorbance of sodium, magnesium and manganese. The absorbance of calcium varied, 

TABLE I.-OPTIMUM CONDITIONS FOR DETERMINATION OF SODIUM, POTASSIUM, 

MAGNESIUM, MANGANESE AND CALCkJM 

Element Light source 
Lamp current, 

lllA 

Lines, Slit width, 

A mm 

Na Sodium lamp 
(Toshiba) 

K Potassium lamp 
(Hitachi) 

Mg Hollow-cathode 
lamp (Mg-Al)* 

Mn Hollow-cathode 
lamp (Mn-Cu)* 

Ca Hollow-cathode 
lamp (Ca-Al)* 

* Hitachi hollow-cathode lamp. 

- 5890 0.03 

- 7665 0.15 

30 2852 0.03 

75 2798 0.15 

50 4225 0.035 
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FIG. 2.-Effect of lamp current on magnesium absorption. 
A: 3Om~. 
B: 40mA. 
c: 50rnA. 

and that of potassium varied slightly with variation in the acetylene pressure. The smallness of the 
region over which calcium atoms in the flame are abundant may be responsible for the variation 
of the absorbance with the variation of the height of the inner cone. 

Slit width: Experiments were made at various slit widths. The slit widths shown in Table I 
were necessary to obtain satisfactory results. Because of the fluctuation of emission, the small 
slit width was adequate for compensating the emission from sodium. The increased absorption 
was obtained for manganese by opening the slit. 
precision. 

Too wide a slit may result in unsatisfactory 

Relation between absorption and concentration of elements 

Calibration curves were prepared for sodium, potassium, magnesium or manganese without 
calcium and containing calcium. The resulting curves are shown in Fig. 4. In the presence of 
calcium, depression of the sodium and potassium absorptions was observed. Therefore a calibration 
curve for the analysis of cement must be prepared by the addition of calcium. 
tion was not affected by the presence of 500 ppm of calcium. 

Magnesium absorp- 
Larger amounts of calcium did affect 

the magnesium absorption. Sodium, potassium and magnesium can be determined by the addition 
method, because the curves indicate linearity, within the limits of experimental error, in the presence 
of calcium. Because slightly curved calibration curves were obtained for manganese and calcium, 

TABLE II.-EFFECT OF LAMP CURRENT ON ABSORPTION 
FROM MANGANESE-COPPER HOLLOW-CATHODE LAMP 

Lamp current, mA Absorbance to manganese0 

45 0.184 
55 0201 
65 0.213 
75 0.239 
85 0244 
95 0.244 

a 38 ppm. 
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the addition method was not useful for these elements in cement. The calibration curve for manga- 
nese could be prepared in the absence of calcium. 

Reproducibility 

Reproducibility was determined by repeatedly measuring the absorption of solutions containing 
sodium, potassium, magnesium, manganese or calcium. The coefficients of variation were 1.3 % 
for a solution containing 5.8 ppm of sodium, 1.1% for a solution containing 23 ppm of potassium, 

I I I I I 
0.32 0.36 0.40 0.44 0.48 

Acetylene, kg/cm ’ 

FIG. 3.-Effect of flame condition on the absorption of sodium, potassium, magnesium, 
manganese and calcium. 

A : Calcium. 
B: Sodium. 
C : Manganese. 
D : Magnesium. 
E: Potassium. 

(Air pressure kept constant at 1.4 Kg/cm”.) 

1.5 % for a solution containing 7.4 ppm of magnesium, 2.3 % for a solution containing 26 ppm of 
manganese and 1.2% for a solution containing 101 ppm of calcium. 

Interferences 

A systematic investigation of interference effects was carried out, using various amounts of 
other elements. Apart from calcium, other elements, in the proportions normally found in cement, 
had no effect on the determination of sodium and potassium. The majority of elements did not 
interfere with the determination of manganese. Serious interference. for magnesium in pure solution 
was observed in the presence of aluminium and silicon (Fig. 5). But these interference effects were 
not observed in the analysis of cement because of the suppression effect of calcium present in the 
sample on the aluminium (or silicon) interference. Phosphorus interference was observed in an 
air-propane flame, but not in an air-acetylene flame. Calcium absorption was interfered with in 
the presence of aluminium, silicon and phosphorus. The addition of large amounts of strontium 
was-necessary to suppress the interference. 

The solutions used for the analysis were about 0.24M in hydrochloric acid, and this was sufficient 
to give results lower bv 20”/, than for solutions containing no free acid. Sulphuric or perchloric 
acidobehaved in much the same way as hydrochloric acid. - 

Enhancement of absorption was obtained by the addition of acetic acid, alcohols and acetone 
to the solution. An increase in sensitivity of about 3-fold by the addition of 50% of propanol or 
about 5-fold by the addition of 50% of acetone was obtained, similar increases being obtained for 
the different elements. 

Recommended procedure 

Decompose 0.5 g of sample with 20 ml of hydrochloric acid (4M), heat and evaporate to dryness. 
Dissolve the residue in 5 ml of hydrochloric acid (4M) and filter through a filter paper into a 100-ml 
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0. 

0. 

c 
2 

H 

0 

I I I I 
3 6 9 '2 Na,Mg, ppm 

1 I I I I 
0 IO 20 30 40 K, Mn. ppm 
I I I I I J 
0 20 40 60 80 100 co. JJwn 

FIO. 4.-Typical calibration curves for sodium, potassium, magnesium, manganese 
and calcium. 

A: 
B: 

c: 
D: 

Na without Ca. 
Na containing 3350 ppm 
of Ca. 
K without Ca 
zf co$aining 3350 ppm 

E: Mg without Ca and containing 
503 ppm of Ca. 

F: Mn without Ca and containing 
3350 ppm of Ca. 

G: Ca without Sr. 
H: Ca containing 5000 ppm of Sr. 

volumetric flask, washing with small volumes of hot water. Cool the filtrate and dilute to the mark 
with cold water. 

Sodium: Take three lo-ml portions of the sample stock solution. Add 25 ml of solutions of 
sodium chloride containing 6, 12 and 18 ppm of sodium to these, and dilute each solution to 50 ml 
with water. Spray the solutions into the flame, and measure the absorbance. Plot the absorbance 
against the added amounts of sodium and read the amount of sodium in the original sample 
by extrapolating the linear relation curve of absorption versus concentration to zero absorbance. 

Potassium: Take three IO-ml portions of the sample stock solution. Add 5 ml of solutions of 
potassium chloride containing 20, 40 and 60 ppm of potassium to these, and dilute each solution 
to 20 ml with water. Proceed as for sodium. 

Magnesium: Take three 5-ml portions of the sample stock solution. Add 25 ml of solutions 
of magnesium chloride containing 4, 8 and 12 ppm of magnesium to these, and dilute each solution 
to 50 ml with water. Proceed as for sodium. 

Manganese: Spray the sample stock solution into the flame and measure the absorbance. 
Obtain the manganese content of the sample by reference to a previously prepared calibration 
curve which was prepared from standard solutions containing the same concentration of acid as 
the sample solution. 

Calcium: Take 5 ml of the sample stock solution. Add 50 ml of a solution of strontium chloride 
containing 25,000 ppm of strontium, and dilute to 250 ml with water. Proceed as for manganese. 

Sodium, potassium and magnesium can also be determined using calibration curves as for 
manganese or calcium. 
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50 100 
Al(Si1, wm 

FIG. 5.-Effectofaluminiumand silicon on the absorption ofcalcium and magnesium. 
A: 76 ppm of Ca plus Al. D: 4.8 ppm of Mg plus Al. 
B: 76 ppm of Ca plus Si. E: 
C: 76 ppm of Ca plus Al (or Si) plus 

48 ppm of Mg plus Si. 
F: 4.8 ppm of Mg plus Al (or Si) plus 

5000 ppm of Sr. 500 ppm of Ca. 

RESULTS AND DISCUSSION 

Two samples of cement were examined by the Recommended procedure. The 
results are shown in Table III. 

Willis2 has shown that the presence of sodium increases potassium absorption 
when using an air-coal gas flame. However, Malmstadt and Chambers3 observed 
that a 20-fold excess of sodium did not interfere with potassium determination 
using an air-propane flame. The present authors also observed no ,interference of 
sodium on the determination of potassium. 

Calcium lowered the slope of the calibration curves for sodium and potassium. 
The effect of calcium may be explained by assuming that the solid particles are only 

TABLE III.-DETERMINATION OF SODIUM, POTASSIUM, MAGNESIUM, 
MANGANESE AND CALCRJM IN CEMENT 

Element 
determined 

Na 
K 
Mg 
Mn 
Ca 

Sample I Sample II 

Atomic absorption Atomic absorption 
- ____ Other -- Other 

Calibration method,a Calibration method, 
Addition curve % Addition curve % 
method, method, method, method, 

% % % % 

0.19, 0.20 0.19, 0.19 0.19 0.42, 0.41 0.40, 0.41 0.42 
0.23, 0.23 0.25, 0.26 0.24 0.30,0.29 0.32, 0.34 0.32 
1.11, 1.13 1.11, 1.11 1.09 0.91, 0.93 0.91,0.93 0.90 

- 0.21,0.21 0.20 - 0.028, 0.03 1 0.03 
- 47.1, 46.4 46.08 - 453, 45.8 45.71 

0 Na and K: flame photometric; Mn: photometric; Ca and Mg: titrimetric. 
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partially evaporated and so liberate only a small proportion of the sodium atoms 
present. The magnitude of the effect of calcium depended on the atomiser. The use 
of a more efficient atomiser might suppress the effect of calcium. Rubegka et aL4 have 
also discussed the effect of calcium on the sodium absorption. 

Elwell and Gidleys described the marked effect of silicon on magnesium absorp- 
tion using an air-coal gas flame. The present authors found no interference from 
silicon using an air-acetylene flame. 

The addition method was found to be satisfactory for the analysis of cement for 
sodium, potassium and magnesium, because of the linear relationship between 
absorption and concentration. Results obtained by both addition and calibration 
curve methods, in the determination of sodium and magnesium in cement, are in 
good agreement ; but results for potassium by the addition method are lower by 
10% than those by the calibration curve method. 

It was found, in agreement with David, 6 that interference from aluminium, 
silicon and phosphorus, in the determination of calcium, was suppressed by the 
addition of large amounts of strontium. The results for calcium would, however, 
be lacking in precision because of the large calcium content of cement. 

Zusarnmenfassung-Verschiedene Gesichtspunkte bei der Bestimmung 
von Natrium, Kalium, Magnesium, Mangan und Calcium in Zement 
durch atomare Absorptionsspektralanalyse werden untersucht. Bei 
der Bestimmung von Natrium, Kalium und Magnesium wurden 
sowohl die Eichkurvenmethode als such die Additionsmethode fiir 
geeignet befunden, da Absorption und Konzentration linear zusam- 
menhangen. Zur Bestimmung von Mangan und Calcium ist die 
Eichkurvenmethode gee&net. Die Eichkurven ftir Natrium und 
Kalium mu&en in Gegenwart der selben Calciumkonzentration wie 
in der Probe aufgenommen werden. Die Methode geht schnell und 
bedarf keiner vorausgehenden Trennung. Die Genauigkeit der 
Bestimmung von Natrium, Kalium, Magnesium und Mangan ist 
befriedigend, bei Calcium ist sie wegen des hohen Calciumgehaltes 
von Zement unzureichend. 

R6sum&-On d&crit l’etude de divers aspects du dosage de sodium, 
potassium, magnesium, manganese et calcium dans le ciment, au 
moyen de la spectrophotometrie d’absorption atomique. Pour le 
dosage de sodium, potassium et magnesium, les methodes par courbe 
d’etalonnage et par addition sont toutes deux convenables, par suite 
de la relation lineaire entre l’absorption et la concentration. Pour le 
dosage de manganese et calcium, la methode par courbe d’etalonnage 
est convenable. Les courbes d‘etalonnage pour le sodium et le potas- 
sium doivent etre p&par& en presence dune concentration en 
calcium &gale & celle des echantillons analyses. La methode est 
rapide, et ne necessite pas de separations preliminaires. La precision 
est satisfaisante pour le dosage de sodium, potassium, magnesium et 
manganese, mais elle est insuffisante pour le calcium par suite de la 
forte teneur du ciment en cet element. 
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Summary_-The properties and behaviour of the chelating ion exchanger 
Dowex A-l have been studied when in contact with an aqueous 
solution containing metal ions complexed with aminocarboxylic 
ligands. The stability constants of the metal ion complexes with the 
resin have been determined as well as the structure of the complexes 
formed by the metal ions, the resin and the ligands in the solution. 
Dowex A-l behaves as a solid complexing agent and forms stable 
1: 1 complexes with metal ions. 

FUNDAMENTAL research carried out so far on Dowex A-l, a chelating ion exchanger, 
has dealt mainly with kinetics1>2y3, equilibrium studies,4 separation possibilities,5 
and the effects of the medium.6 

In the present work an attempt is made to solve problems of a new kind, connected 
with the mechanism of binding metal ions to this resin and with the stability of 
the complexes formed. This raises a number of secondary problems, such as the 
structure of the resin, the ligands entering together with the metal ions, the definition 
of the order of affinity of the metals, the connection between the stability of the metal 
complexes in solution and their adsorbability, etc. Answers to these fundamental 
questions should further applied analytical research on Dowex A-l and contribute 
towards an understanding of complexation mechanisms in general. 

It is proposed to show how information on the structure of the complexes and 
their stability may be obtained with the help of simple equilibrium experiments in a 
solid-liquid system (the solid being Dowex A-l, the liquid being metal ions in aqueous 
solution bound to aminocarboxylic ligands) where chelation takes place in both 
phases, which are easily separable and analysable after equilibrium has been attained. 

Structural considerations 
DISCUSSION 

Much information regarding the structure of Dowex A-l is obtainable from 
elemental analysis of the sodium form of the resin. The composition of a homoge- 
neous sample specimen of the sodium resin, when dried at loo”, is as follows: 

C--52*91% 

H- 6.26% 

N- 350% 

O-25.63% 

Na-11.7%. 

* Part of an M.Sc. thesis to be presented by Mrs. H. Loewenschuss to the Senate of the Technion. 

1399 



1400 H. LOEWENSCHUSS and G. SCHMWKL.ER 

Dowex A-l is a polymer composed of styrene-divinylbenzene rings, some of 
which are substituted by iminodiacetic acid (IDAA). 

(a) Calculation of number of substituted rings. Assume that the resin is composed 
of two kinds of rings : A-rings, aromatic rings which have no functional group, 

YHaXH- 

CBHs (molecular weight 104) 

and B-rings, aromatic rings substituted by IDAA. 

?H1-cH- 

CH,COO- 

CH.--N/ 

1 H,COO- 

C,,H,,NO, (molecular weight 247) 

Because nitrogen is present only in the substituted rings, the number of B-rings 
may be calculated on the strength of the nitrogen content. The content of 3.5% of 
nitrogen means that each 1 g of resin contains 2.5 mmole of nitrogen or 2.5 mmole 
of B-rings. 

One g of resin, therefore, contains 617 mg of B-rings (2.5 x 247 = 617 mg), 
but the balance does not give the number of A-rings, because in the substance dried 
at 100” water molecules are still bound as ligands to the metal ion. The required 
data will, however, be provided by the material balance of carbon atoms. 

(b) Carbon balance. The carbon content being 52*91o/o, 1 g of resin contains 
44 mmole of carbon, of which the B-rings have taken up 2.5 x 13 = 32.5 mmole 
of carbon. The balance (44 - 32.5 = 11.5 mmole of carbon) is available for A-rings. 
From this it may be inferred that of every 8 rings there are 5 substituted ones,* 
i.e., not all rings are substituted. The chelating ligands in the resin are, therefore, 
well spaced, so that a metal ion is unlikely to be bound to two IDAA ligands from 
the resin. 

(c) Calculation of water content. 

One g of resin contains 2.5 B-rings = 617 mg 

l-45 A-rings = 150.8 mg 

11*7% of Na = 117 mg 

884.8 mg 

* The basis of this inference is as follows. B-rings contain 13 carbon atoms, so that the amount 
taken up by them is 13 x 2.5 = 325 mmole of carbon. In the A-rings, on the other hand, there are 
only 8 carbon atoms and, because only 44 - 325 = 11.5 mmole are left, there can only be 115/8 = 
1.45 A-rings. From this it is concluded that for every 8 rings in the resin there arc 5 substituted ones. 
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giving a balance of 115 mg of water. The fact that water remains in the resin 
and does not evaporate at 100” is interesting in itself, because it proves the pene- 
tration of the ligands, together with the metal ions, from the solution into the resin 
matrix. 

(d) Oxygen balance. Subtracting the proportion bound to water (10.2%) from 
the over-all percentage of oxygen (25*63%), for each mmole of nitrogen there are 
4 mmole of oxygen, which corresponds to the structural considerations of the rings 
substituted by IDAA. 

(e) Structure of resin when containing copper. Elemental analysis of the copper- 
containing resin produces results similar to the sodium-containing resin, so far as 
carbon, nitrogen, oxygen and hydrogen contents are concerned. The water balance 
shows that for each mmole of copper in the resin 3 molecules of water enter. This 
gives rise to the assumption that the structure of the complex formed by copper and 
Dowex A-l is as follows 

CH,COO- 

/ \ 
R-N - - - - - - Cu(H,O), 

\ / 
‘CH,COO/- 

where R is the polymer matrix. Copper is thus seen to enter the resin in an octahedral 
configuration,16 and it will be shown later that if the copper in the solution is bound 
to chelating ligands, it will also enter the resin with these ligands instead of with 
water. 

Stoichiometry 

In order to understand the stoichiometry of the reactions between the metal ions 
and Dowex A-l, measurements of the maximum capacity of the resin may be used. 
Experimentally, this is done by bringing a known weight of dry resin in contact with 
solutions of increasing concentration of the metal ion. Experiments were conducted 
with Cu”, Pb2+, Fe3+ and Th” ions, and in all cases similar results were obtained, 
viz., 24-2.5 mmole of metal ions/g of Dowex A-l. Because 1 g of resin contains 2.5 
mmole of IDAA, it is found that metal ions are complexed by the resin in the stoichio- 
metric ratio of 1: 1, independent of valency. This is similar to the stoichiometry of 
the reactions of EDTA with metal ions in solution. 

A marked difference in behaviour is seen to exist between IDAA in solution and 
in the resin matrix. In solution the metal ions combine with more than 1 molecule 
of IDAA, in accordance with their valency, while in the resin complexation is ac- 
complished in a single step, from which it may be concluded that the complexes in 
the resin are more stable than those formed in solution. 

Metal and ligand sorption 

In a system consisting of a certain quantity of dry resin in contact with a solution 
containing a few mmole of metal ions bound to an excess of a tridentate ligand, such 
as IDAA, the relation between the concentration of ligands in solution and the 
resin’s adsorptive capacity for metal ions must be established. Obviously, increasing 
the concentration of the ligand in the solution reduces the concentration of ions in 
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the resin because of competing complexation. Experiments have shown two important 
facts : 

(a) A definite quantitative relation exists between the stability constants of the 
metal ion complexes with the ligands in solution and their adsorbability on the 
resin. 

(b) Stoichiometric penetration takes place of 1 IDAA molecule together with 1 
metal ion. 

The significant equilibria involved in this experimental system are as follows 

In Solution 

ML+L (ML,) 
= ML,; k, = (ML) (L) (1) 

In Resilz Phase 

ML + R + MLR; KnLR = (MLR) 

(ML) (R) 

Over-all Reaction 

ML, + R + MLR + L; Kover-au = 
(MLR)(L) 

O%)(R) 

or expressed logarithmically 

(ML,) (R) 
log (L) = log (MLR) + log Kover.an 

= 

(2) 

K BILR 

k, 
(3) 

(3a) 

where L represents the polydentate ligand and R represents the polymer matrix. 
The quantities appearing in equation (3a) are defined as follows: 

(MLR) = The quantity of metal present in the resin after the system has reached 
equilibrium. 

(L) = The quantity of uncomplexed ligand (the quantity of ligand introduced 
minus the quantity of ligand bound to the metal). 

(ML,) = The quantity of metal complex remaining in solution after phase separation ; 
this may be calculated by subtracting the quantity of metal bound to the 
resin from the total quantity of metal ,introduced into the system. 

(R) = The quantity of resin not bound to the complexing metal ion; this may be 
calculated by subtracting the quantity of (lvfLR) from the m~imum 
capacity of the resin. 

The quantities in the brackets denote the concentrations of the various species. 
The concentrations of the constituents in the solution (ML,, ML and L) are expressed 
in mmole/lOO ml, while those in the solid phase are in mmole of metal ions (which 
is equivalent to the number of n-mole of chelating groups in the resin) (c$ Table I). 
Kover_a,l is an apparent constant. It is the quotient of the stability of the mixed 
complex in the resin phase divided by the stability of the complex in the solution. 
If the proposed mechanism is correct, the graphic correlation of log (L) VS. log 
[(ML,) (R)]/(MLR) should be a straight line of unit slope, the intersection of which 
with the x-axis gives Kover_n,l; k, may be found from the literature, hence KMr,u 
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0.6 

0 0.2 0.4 0.6 IO I.2 I.4 I.6 

FIG. 1 .-Graphical correlations from equilibrium measurements of: 
(a) 0.1~~ with IDAA in contact with 0.5-g portions of Dowex A-l. 
(b) Ni*+ with IDAA in contact with 0.5-g portions of Dowex A-l. 

may be determined. Fig. 1 shows that the results of the experiments with copper and 
nickel bound to IDAA confirm the above theoretical considerations. 

Similar experiments were made by binding the copper ion to other ligands, such 
as glycine and glutamic acid. Here too, straight lines were obtained with a slope 
close to unity (Fig. 2). The slight deviations from unit slope are probably from 
neglecting the activity coefficients. 

0.6 

0.4 

02 

0.2 0.4 06 08 14 I,6 I.8 2.0 2.2 2.4 

FIG. 2.-Equilibrium measurements of copper ions with various aminocarboxylic acid 
ligands [equation (3a)l: 

6) IDA-4 
(b) glutamic acid, 
(c) glycine. 

Ligand sorption in cation exchangers was first described by Stokes and Walton7 
and its theory elaborated by Helfferich,E19 who made use of the phenomenon for 
ligand exchange and separations in columns containing metal ions bound to ion 
exchangers. 

3 
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It can now be definitely concluded that the structure of the complex formed is 

CHsCOO- 
/ \ 

R-CH,N - - - - - - ML,., 
\ 

CH,COO( 

L denotes the additional ligand to which the metal is bound in the resin phase. It 
may consist of water molecules, an anion of the salt of the metal in the solution or an 
aminocarboxylic ligand, as was shown before. n is the co-ordination number of the 
metal. 

Determination of stability constants of metal ions with Dowex A-l 

So far the formation of mixed complexes consisting of metal ions, Dowex A-l 
and bi- or tridentate ligands has been discussed. Now the order of afI&ty of the 
metals to the resin must be established. 

When an aqueous solution containing several metal ions is passed through a 
column of Dowex A-l, the ions will enter the resin according to a certain order, 
which depends on the stability constants of the metals with the resin. In order to 
determine a constant of the type K&m, the resin must be brought into contact with a 
solution containing metal ions bound to a large polydentate ligand, such as EDTA 
or the like, which, because of its bulky molecules and the stereospecificity of its com- 
plexes, will not enter the resin, as did IDAA or glycine. The result will be that the 
hydrated metal ion alone will enter the resin. 

In this system two competing complexation reactions take place 

M+Y 
(MY) 

+MY; Kary=- 
(M) (Y> 

M+R 
(MR) 

+MR; Kun=o(Rf 

MY + R + MR + Y; I&r-all = 
CMRS 03 J&m =- 
(MYI (RI KMY 

(6) 

Y denotes the large polydentate ligand to which the metal ion in the solution is bound. 
In the present case the ligand selected was N-hydroxyethylenediaminetriacetic acid 
(HEDTA). R again denotes the polymer matrix. 

Analogously to KmR, KYR may be found by graphic correlation of iog (R) 
vs. log [(MR) (Y)]~~MY). In Fig. 3 the constants for nickel and copper within the 
resin are determined experimentally. For these equilibrinm measurements HEDTA 
was chosen because it binds these metal ions more strongly than Dowex A-l (log 
KNiP = 17.0; log KCuY = 17.4) and gives convenient distribution ratios of the 
ions between the resin and the solution. The lines obtained in Fig. 3 are straight 
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J 
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-I 6 
0.2 04 06 0.6 I.0 I.2 I.4 

Log PI 
FIG. 3.-Graphical determination of stability constants [equation (6a)] of: 

(a) CuB+ with Dowex A-l, 
(b) NiB+ with Dowex A-l. 

and of unit slope, which proves the correctness of the proposed mechanism [equations 
(4) and (5)] and also the fact that a ligand of the type HEDTA does not enter the 
resin. A further conclusion to be drawn is that Dowex A-l behaves similarly to 
the complexation agents in the solution, and that its property to bind the metals to the 
solid phase makes it a convenient and effective means for the study of complexation 
mechanisms. 

Reagents 
EXPERIMENTAL 

O.lM Standard copper solution: Prepared by dissolving 1.594 g of reagent-grade copper” oxide 
in nitric acid (1: l), evaporating excess acid and making up to 1 litre. 

@lM Standard nickel nitrate solution: Prepared by dissolving 29.08 g of reagent grade 
Ni(N0.&.6HI0 in distilled water and making up to 1 litre. 

O*lM Standard EDTA solution: Prepared by dissolving 37.21 g of pure disodium dihydrogen 
ethylenediaminetetra-acetate dihydrate in distilled water and making up to 1 litre. 

CompIexing agents 
Dowex A-l chelating resin was prepared in the sodium form from the Dow Chemical Co. product 

and dried at 100”. Glycine, monosodium glutamate, iminodiacetic acid (IDAA) and N-hydroxy- 
ethylenediaminetriacetic acid (HEDTA) were used as analytical-grade solids. 

Procedure for distribution measurements of cations from solutions 
containing complexing ligands (Figs. 1 and 2) 

Weighed portions of the dried sodium form of the resin (exactly 500 mg) were placed into 250-ml 
beakers. To each beaker were added 100 ml of solution containing 1 mmole of copper or nickel 
ion and varying quantities of the complexing ligands (5-40 mmole). The pH of all solutions was 
adjusted to 8.5 to diminish the “pH effect” (the effect of the hydrogen ions on the stability of the 
complexes). The solutions were magnetically stirred for 2 hr in a water bath of 70” and for a further 
2 hr at room temperature. Experience has shown that heating considerably speeds up the reaction. 
Without heating, equilibrium is reached after not less than 17-18 hr. After equilibrium the phases 
were separated at room temperature (23-27”) by means of filtration and the metal ions eluted from 
the resin with 6M nitric acid. Copper was determined polarographically with EDTA,B and nickel 
gravimetrically with dimethylglyoxime. 
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Knowing the general quantity of metal ions and ligand introduced into the system and the 
quantity of the metal ions adsorbed by the resin, all of the other quantities required for the con- 
struction of Figs. 1 and 2 may be calculated. 

Procedure for determination of stability constants 

The experimental set-up is identical with that described in the previous paragraph, with the 
exception that because log (R) appears in the abscissa of Fig. 3, different quantities of resin had to 
be weighed. Table I shows the concentrations of the different components with which the required 
data for line (a) of Fig. 3 were obtained. 

TABLE L-EQUILIBRIUM MEASUREMENTS FOR THE COPPER-HEDTA SYSTEM 

Uncomnlexed Cu-HEDTA Resink 
HEDTA Cue+ found in HEDTA found in left 

Cu2+ taken, taken, resin phase left in solution uncomplexed 
mm&, mmole, Resin, (Cu R), solution (Y), (MY), (R), 

No. 100 ml 100 ml g PH mmole mm& mmole mmole 

0.500 
0.500 
ITlOO 
1 .ooo 
l+OO 
l+OO 
1 .ooo 
I.500 
I.500 
1.500 
1.500 
1~500 

1.000 I.000 
1.000 1.250 
1.000 I.500 
l+OO 2.000 
2.000 1 .ooo 
2.000 2.000 
2.000 2~500 
3.000 1.500 
3.000 2.000 
3.000 2.500 
3.500 1GOo 
3.500 1.500 

10.6 
10.7 
IO.3 
10.2 
10.3 
10.6 
10.2 
10.1 

1Z.Z 
10.1 
10.0 

0.250 0.750 0.250 2.150 
0.265 0765 0.235 2.735 
0.591 0.591 0.409 3.009 
0678 0.678 0.322 4.122 
0.334 1.334 0666 2.066 
0.500 I.500 0.500 4.300 
0.600 I.600 0.400 5.400 
0452 1.952 1.048 3.148 
O-543 2.043 0957 4.257 
0.641 2.141 0.859 5.359 
0.292 2.292 1.208 2,108 
0.408 2.408 1.092 3.192 

a Calculated by subtracting (CUR) from the maximum capacity of the resin (2.4 mmole/g). 

RESULTS 

Table II summarises the numerical results obtained for the stability constants of 
the mixed metal-&and-resin complexes and of the hydrated nickel and copper ions 
with Dowex A-l. For comparison, stability constants of these metals with the same 
ligands (IDAA, glycine, glutamic acid and HEDTA) in aqueous solutions, taken 
from the literature, are also quoted. 

The constants for reactions of the type ML + R .S MLR were calculated from 
the intercepts with the x-axis in Figs. 1 and 2, utilising equation (3a). 

The constants for reactions of the type M + L + R + MLR were taken as the 
sum of two reactions 

M+L+ ML (from the literature) 

ML+R+MLR. 

The constants for reactions of the type M + R + MR were calculated from the 
intercepts with the y-axis in Fig. 3. 

From the numerical results shown in Table II two important conclusions may be 
drawn : 

(1) The stability constants of mixed complexes of the type MLR are higher than 
the sum of the stepwise complexation constants of the metals with the ligands in the 
solution. This was also proved for the mixed complexes in aqueous solution of the 
metal chelonates with ammonia and the hydroxyl and hydrogen ions, the stability 
of which is greater than that of the pure metal chelonates.l* 

(2) The stability constants of complexes of the type MR are lower than those of 
the corresponding metals with HEDTA, but higher than the sum of the stability 
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TABLE II.-STABILITY CONSTANTS OF COPPER AND NICKEL WITH SOME 
AMINOCARBOXYLIC LIGANDS 

Reaction investigated 

Stability 
constant 

(log W Reference 

BCu + IDAA + Cu-IDAA 10.55 10 
*Cu - IDAA + IDAA + Cu(IDAA), 5.65 10 
Cu - IDAA + R + Cu(IDAA)R 6.17 
Cu -t IDAA + R + Cu(IDAA)R 16.72 

ECU + Glycine + Cu-Glycine 8.38 11 
&Cu - Glycine + Glycine + Cu(Glycine), 6.87 11 
Cu - Glycine + R + Cu(Glycine)T 8.72 
Cu + Glycine + R + Cu(Glycine)R 17.10 

*Cu + Glutamate + Cu-(Glutamate) 7,85 12 
&Cu - Glutamate + Glutamate + Cu(Glutamate), 6.45 12 
Cu - Glutamate + R + Cu(Glutamate)R 7.16 
Cu + Glutamate + R + Cu(Glutamate)R 15.61 

aNi + IDAA + Ni-IDAA ’ 8.21 10 
BNi - IDAA + IDAA + Ni(IDAA), 6.35 10 
Ni - IDAA + R f Ni(IDAA)R 6.79 
Ni + IDAA + R f Ni(IDAA)R 15.00 

&Cu + HEDTA + Cu-HEDTA 17.4 13 
Cu -t R + Cu-R 16.9 

BNi + HEDTA + Ni-HEDTA 17.0 13 
Ni + R + Ni-R 15.61 

a Numerical data taken from the literature. 

constants of the metals with IDAA in aqueous solution. The reason for this is that 
in an aqueous solution binding to IDAA is accomplished in two steps, but in the 
resin in one step only. 

CONCLUSION 

In this work an attempt has been made to extend the general knowledge of 
chelating ion exchangers as regards their structure and to obtain information on the 
stability of the complexes formed between two transition metals and Dowex-Al. 
A connection has been shown to exist between complexation in solution and the 
adsorbability of the metal ions on the resin. The adsorption of ligands on the resin 
has been proved quantitatively. 

The experimental results obtained in this work may be obtained by other experi- 
mental set-ups. Because the ligands used are of high molecular weight, data on ligand 
sorption may be inferred from measuring the increase in weight of the resin after 
adsorption. Another possibility is to use ligands labelled with carbon-14 and to 
measure their activity in the1 resin. Some tentative experiments were made in these 
two directions, but the method of graphic correlations appeared to be both the most 
accurate and the simplest. 

Acknowledgements-The authors wish to express their grateful appreciation to Prcf. E. A. Halevi 
for his invaluable help in interpreting the results and in clarifying theoretical aspects in the course of 
numerous discussions. 
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Zusammenfasann8-Eigenschaften und Verhalten des chelatbildenden 
Ionenaustauschers Dowex A-l wurden im Kontakt mit einer w&&en 
Liisung untersucht, die komplex an Aminccarbonsluren gebundene 
Metallionen enthielt. Die Stabilitltskonstanten der Metallkomplexe 
des Harzes wurden bestimmt sowie die Struktur der Komplexe aus 
Metallionen, Harz und Liganden. Dowex A-l verhalt sich wie ein 
fester Komplexbildner und gibt mit Metallionen stabile 1: 1-Komplexe. 

RCsum&-On a 6tudi6 les proprietes et le comportement de l’echangeur 
d’ions chdlatant Dowex A-l, lorsqu’il est en contact avec une solution 
aqueuse contenant des ions metalliques fixes par coordination a des 
groupes aminocarboxyliques. On a determine les constantes de stabilite 
des complexes que donnent les ions metalliques avec la resine, ainsi que 
la structure des complexes form& par les ions metalliques, la r&sine et 
les agents coordinants dans la solution. La Dowex A-l se comporte 
comme un agent complexant solide, et forme des complexes stables 1: 1 
avec les ions metalliques. 
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Summary---A study has been made of the oxidation of manganese(I1) 
and chromium(II1) solutions by silver(I1) oxide in perchloric acid 
medium. Both the efficiency and the rate of the oxidation process were 
found to vary with the concentration of reductant, the amount of AgO 
added, the temperature, the acidity and the concentration of univalent 
silver ions in the solution. The inefficiency of the oxidation process can 
be. attributed to the simultaneous formation of oxygen. The results 
are discussed in terms of a possible reaction mechanism, and the 
optimum conditions for oxidations using AgO are indicated. 

INTRODUCTION 

MOST titrimetric methods for the determination of manganese and chromium recom- 
mend pre-oxidation of these elements by ammonium persulphate in the presence of 
silver(I) ion as catalyst. The nature of the silver intermediate in these oxidations is 
not yet established. There is evidence to support both a bivalent and a tervalent 
species1 and it has been suggested that the two higher valency silver species may be 
related through the equilibrium : 

Ag+ + Ag+ + 2Ag2+. 

The silver(I1) ion in solution is a powerful oxidising agent and in the cold almost 
instantaneously oxidises manganous salts to permanganate2 and chromic salts to 
chromate.3 The bivalent silver ion is also reduced by water, yielding oxygen and 
silver(I) ion. The rate of reduction by water has been found to be dependent on the 

concentration and nature of the acid present. 4~s Dissolution of silver(I1) oxide in 
acids yields bivalent silver ions.6 

Tl& use of silver(I1) oxide as an oxidimetric reagent for the determination of 
manganese, cerium and chromium has been examined by Lingane and Davis.’ 
Procedures based on this reagent were found to be faster and more convenient than the 
classical procedures, and excellent results were obtained in determinations of man- 
ganese and chromium in aluminium and iron(I1) alloys. Before this study, AgO had 
been used in microanalysis by Kimira and Murakim6 for the determination of man- 
ganese and cerium, and by Tanaka %l” for the determination of chromium, manganese 
and vanadium. 

These applications indicate the probable value of silver(I1) oxide as an analytical 
reagent, but more fundamental information on oxidations by this reagent is required. 
This paper describes the results obtained in a study of the oxidation by silver(I1) 
oxide of manganese(I1) and chromium(II1) salts in perchloric acid solution. Perchloric 
acid was chosen as the solvent medium to avoid complicatibns, such as the tendency 
of chromium salts to form sulphato complexes in sulphuric acid solutions, and the 
tendency of argentic silver to form nitrate complexes in nitric acid solutions.4 
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Reagents 
EXPERIMENTAL 

The silver(I1) oxide used was prepared according to the directions of Hammer and Kleinberg.” 
Standard manganese(I1) solutions were prepared from May and Baker R-grade manganese 

sulphate. The solutions were standardised by oxidation to permanganate with potassium periodate, 
followed by spectrophotometric measurement of colour intensity. 

Chromium(II1) perchlorate solutions were prepared by dissolving freshly precipitated hydrated 
chromium(II1) oxide in dilute uerchloric acid solutions. The solutions were standardised colori- 
metrically after oxidation of the’chromium by ammonium persulphate using silver ion catalyst. The 
excess acid present was determined by titration against standard borax solution. 

” doncrntr~tlon of ;archlor;c acid, 
J 0 

M 

FIG. 1 .-The effect of acidity on the amount of metal ion oxidised. 
9-055 mg of Mna+ treated with 0.021 g of AgO. 
O-O.70 mg of CrS+ treated with 0.032 g of AgO. 

Perchloric acid solutions of differing concentrations were prepared by dilution of May and Baker 
61% and 72% R-grade perchloric acid. The solutions were standardised against standard borax 
solution. 

Apparatus 

The apparatus used in the investigation was a water-jacketed reaction cell, fitted with a drain tap, 
and stirred by a magnetic stirrer. During the studies water was circulated around the cell from a 
constant temperature tank. 

A Coleman Model 14 Spectrophotometer and a Unicam SP 500 Spectrophotometer were used for 
calorimetric measurements. 

Procedure 

For equilibrium studies, reaction mixtures were prepared containing varying amounts of reducing 
agent (O~oo4-oO5O mg/ml for manganese and 0.0075-0.048 mg/ml for chromium) and varying 
amounts of acid (O.l-5.5M). 

Aliquots (25 ml) of these reaction mixtures were added to the thermostatted reaction cell and 
stirred to reach thermal equilibrium. Varying amounts of AgO (0~0040~085 g for manganese and 
0.007-0.145 g for chromium) were weighed into small plastic boats. These boats were placed on the 
surface of the solutions and were subsequently submerged by the stirring action. When the AgO 
had completely dissolved, the resulting solutions were run off into a receiving vessel and the intensity 
of colour was measured with a spectrophotometer. The intensity of the permanganate ion was 
measured at 545 rnp in the Coleman instrument and the dichromate ion was measured at 390 rnp 
using the Unicam SP 500 instrument. The concentrations of the oxidised products were determined 
from appropriate calibration graphs. The results of these studies are summarised in Figs. 1 and 2. 

Varying amounts of silver(I) ion were added to a series of solutions containing a fixed amount of 
manganese(I1) or chromium(II1) salts in solutions 3*0-3.5&f in respect of perchloric acid. The results 
obtained on adding a constant amount of AgO are summarised in Fig. 3. 
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Weight of AgO added, g 

FIG. 2.-The effect of varying weights of silver(H) oxide on the percentage of metal 
salt oxidised. 

c-0.8.5 mg of Mn*+ in 50 ml of 35M HCIOl; I = 2.5’; theoretical weight of AgO 
required for complete oxidation 0.010 g. 

O-1.0 mg of Cr*+ in 50 ml of 3.OM HClO,: t = 20”: theoretical weight of AgO 
required for complete oxidation d907 g. 

I L i 1 1 I 

0 0 01 0.02 0 03 004 0 05 

Initial concentration of Ag: g-ion/l. 

FIG. 3.-The effect of adding silver(I) ion on the percentage of metal salt oxidised. 

O-O-5 mg of MrP+ in 25 ml of 1iM HClOl + O-022 g of AgO; t = 25”. 
O-O.7 mg of CP+ in 25 ml of 1M HC104 + 0.037 g of AgO; t = 20”. 

Finally, oxidations were carried out at different temperatures and the effect of temperature is 
shown in Fig. 4. 

Some studies of the rate of oxidation of the chromium salt at 5” were made, using solutions having 
acidities varying in concentration from 0*2M to 1.0&f. A weighed amount of AgO was added to the 
solutions in the reaction cell and a sample was extracted from the cell after varying periods of time by 
means of a pipette fitted with a cotton wool plug to trap particles of unreacted solid. The absorbance 
of each sample extracted was measured at the appropriate wavelength, and the amount of metal ion 
oxidised was determined from the calibration graph. These kinetic results were recorded and sub- 
sequently treated as a pseudo first order reaction in order to yield the values of apparent rate constants 
listed in Table I. 
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00 
Temperature, OC 

FIG. 4.-The effect of temperature on the percentage of metal salt oxidised. 
8-05 mg of Mna+ in 25 ml of 35M HClO& + 0.015 g of AgO. 
O-O.5 mg of Mn*+ in 25 ml of 35M HClO& + 0.037 g of AgO. 
G-O.7 mg of Crs+ in 25 ml of 3*OM HCIOI + 0.022 g of AgO. 
O-O.7 mg of Crs+ in 25 ml of 3.OM HClO, + 0.030 g of AgO. 

TABLE I.-RATE OF FORMATION OF CHROMATE ION 
(Temperature, 5") 

Concentration of Apparent Initial 

AgO Cr3+, Concentration of rate rate, 
added, g ionllitre HClO.,, constant, k, x 103 

g x 104 M k x 1Oa mglsec 

0.060 544 0.209 2.26 4.38 
0.060 544 0.413 7.27 8.31 
0060 544 1.047 24.0 44.8 
0.060 5.44 1.516 33.2 72.4 
OGO 2.63 040 7.72 7.03 
0.060 7.93 040 590 8.42 
0.060 10.6 040 7.52 10.9 
0.045 544 040 8.13 7.29 
0.090 544 040 4.54 11.1 
0.110 5.44 0.40 4.29 14.5 

RESULTS 

Although, stoichiometrically, sufficient AgO was added to each solution to 
oxidise completely all the manganese or chromium present, complete oxidation of 
these species was only achieved in the presence of a large excess of reagent. To 
emphasise the effect, the results have been recorded in the form of percentage of the 
original manganese or chromium ion oxidised to permanganate or chromate. 

The effect of acid concentration on the percentage conversion is shown in Fig. 1. 
Similar curves, displaced vertically, were obtained on adding different weights of AgO. 
Maximum conversion was obtained with solutions which were either 0.1-0.2M or 
3*0-35M in respect of perchloric acid. In the former case, the rate of solution of solid 
was slow (5-15 min) as compared with seconds for the more concentrated solutions. 

The effect of adding varying weights of AgO to a given solution is indicated by 
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the typical results shown in Fig. 2. Total conversion was obtained if sufficient excess of 
oxidant was added. An interesting side effect was observed in manganese studies 
using sulphuric acid of equivalent strength. Where the MS+ was not fully oxidised 
to permanganate, there was a gradual fading of the initial purple colour, and the 
formation of a brown precipitate of MnO,, indicating that the remaining Mn2f in the 
presence of Ag+ was reducing the oxidised species. This effect was not so marked 
using perchloric acid solutions. 

For a given set of conditions, the percentage conversion was considerably 
increased by the addition of silver nitrate before oxidation, as shown by the results 
recorded in Fig. 3. The effect of an increase in temperature was to reduce the amount 
oxidised, as illustrated in Fig. 4. 

In the kinetic studies, the oxidation of the chromium(II1) ion approximated to a 
pseudo first order reaction if the ultimate amount of chromate formed was taken to 
represent the initial concentration of some species responsible for the formation of 
the chromate. On this basis, values for apparent rate constants under different con- 
ditions were calculated for comparison purposes, and these results are summarised in 
Table I. Initial rates of chromate formation for the varying conditions were estimated 
from the rate curves and these rates are shown in Table I also. The kinetic values are 
considered to be of limited accuracy, for it was necessary to separate the solid phase 
from the solution during collection of the sample, and because the time for complete 
reaction was only a matter of minutes, slight variations in the rate of sample 
collection through the filter introduced significant errors. 

To obtain mathematical relationships between the results recorded in Table I, the 
varying sets of results were plotted against each other on log-log paper. In each 
case a linear relationship was obtained, and the slopes were measured to give the 
power dependence of the rate on the various factors. Combination of the results 
yielded the following expressions : 

Apparent rate constant k = k, . [H+]lms6 . {AgO}-“*77 (1) 

Initial rate of formation 
( 1 
y ki = k, . [H+]l.@ . {AgO}“.‘4. [Cf’+]“.s2 = k . (Q 

(2) 

where { } represents a measure of the amount of AgO added and X represents the 
unknown species considered to be the rate determining reactant in the pseudo first 
order reaction. 

From equation (2) it may be suggested that 

(X). = k, . [H+l”.12 8 . {AgO}l.s . [Crs+]o.s2 (3) 

DISCUSSION 

Calculations based on stoichiometric equations for the oxidation reactions indi- 
cated that only about 14 % of the AgO added was used in oxidising manganese(I1) to 
its higher valency state and only about 7 ‘A of the AgO added to the chromium solu- 
tions was responsible for chromate formation. These calculations show that most of 
the added AgO was reduced by some secondary process. Because the reaction 
mixtures effervesced greatly when the AgO was added, and solution of AgO in acid 
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is known to liberate oxygen, l2 it can be accepted that the process responsible for the 
reduction of most of the added oxidant is the evolution of oxygen. Because this reaction 
predominates, any reduction in the rate of oxygen formation must increase the relative 
amount of manganese or chromium salt oxidised. 

The reduction of A@+ by water to yield oxygen in perchloric acid solutions has 
been studied by Kirwin and co-workers. s The plot of apparent rate constant against 
acidity was found to yield a definite minimum at a perchloric acid concentration of 
3+0&f. This is the acid concentration at which oxidation of manganese and chromium 
salts was most efhcient (Fig. 1). The rate of oxygen formation in perchloric acid 
solutions was found to be second order in respect of [Ag2+], inversely proportional 
to [Ag+][H+12 and related in a complex way to [ClO,]. The increased yield of 
oxidised manganese and chromium salts observed on the addition of Ag+ to the 
solutions (Fig. 3) can thus be attributed to the inhibition of the oxygen formation 
process. The effect of excess AgO (Fig. 2) may also be explained in part by the higher 
concentrations of Ag+ formed on reduction of the excess oxidant. 

The rate equation relating the evolution of oxygen to amount of AgO added is 
more complex than the equations obtained for solutions of silver(I1) ion. Not only 
does dissolution of the solid in acid yield decreasing amounts of Ag2+, but during the 
course of the reaction increasing amounts of the inhibiting species Ag+ are formed. 
The mathematical expression obtained in a study of oxygen liberation on the addition 
of AgO to sulphuric acid solutions had the form13 

dO,/dt = K. [H+]“*24 . {AgO}“*B (4) 

The rate of oxygen formation became very slow at pH values approaching 3 and 
this would explain the marked increase in permanganate and chromate yields in 
solutions which were 0*1-@2M in respect of perchloric acid. (Fig. 1). 

An increase in temperature has a greater influence on the oxygen liberation process 
than on the other oxidation mechanisms, This is demonstrated by the effect of 
temperature on the amount of metal ion oxidised (Fig. 4). 

The results recorded in Figs. 1-4 cannot be explained entirely on the basis of the 
influence of the various factors on the rate of oxygen formation, because, as indicated by 
equation (2), the rate of chromate formation is itself a complex function of at least 
three variables. The existence of the fractional terms indicates that the mechanism 
is complex and that each species may be involved in more than one reaction. 

The oxidation of the chromium and manganese ions could occur in solution or on 
the surface of the solid. The production of chromate or permanganate in solution 
requires m~tiple collisions between higher vatency silver ions and a hydrated chro- 
mium or manganese ion, and although this is feasible, reaction on the solid surface 
appears more probable. The initial rate of chromate formation was nearly linear in 
respect to the amount of solid added (Table I) for a given set of conditions, and this 
tends to support the idea of a surface reaction, because this relationship has been found 
to apply to heterogeneous reactions involving a species in solution and a solid cata- 
lyst. l4 A surface mechanism has previously been proposed to explain the oxidation 
of ammoniacal solutions by silver(I1) oxide.16 

Using the model of a heterogeneous reaction, the unknown species X can be 
considered to be an intermediate formed on the surface of the solid. From equation 
(3), the concentration of X is related to [Hf]O.r . {AgO)ra5. [Cra+]o*3. The power in 
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respect of W+ can be explained in terms of an adsorption isotherm for this species 
on the surface of the solid; the small power term in respect of lH+] could arise from 
solution of AgsO residues on the surface or from suppression of hydrolysis of 
the chromium ion; and the fractional power in respect of AgO may merely reflect 
particle size variation in the solid. Because of the limited solubility of silver chromate, 
desorption of the oxidised product could be a rate-controlling step. Solution of the 
silver chromate would be retarded by univalent silver ions in solution and accelerated 
by protons. Such reactions are in agreement with the terms [H+]l.s6 f (AgO)-*. 
found in the expression related to apparent rate constants [equation (l)]. 

CONCLUSIONS 

Manganese and chromium salts can be quantitatively oxidised by the addition of 
excess silver(II) oxide, and the amo~t of excess required can be reduced greatly if the 
rate of the competing reaction, namely the liberation of oxygen, is reduced to a 
minimum. 

The rate of oxygen liberation in nitric acid solutions is much slower than in 
sulphuric or perchloric acid,4 hence the 2-5M nitric acid medium proposed by Lingane 
and Davis’ is preferable on these grounds to the sulphuric acid solutions used by the 
earlier workers.*-lo On the other hand, it is necessary to warm the nitric acid solu- 
tions to destroy excess reagent present as silver(II) nitrate complexes. It is also 
desirable to avoid the presence of nitric acid in oxidation-reduction titrations. 

To use sulphuric or perchloric acid as the reaction medium requires alternative 
methods of retarding oxygen liberation. Methods available include lowering the 
temperature to a minimum, lowering the acidity, or adding univalent silver ion to the 
solution. Variation of the first two of these factors tends to increase the time required 
for oxidation, and therefore the preliminary addition of silver ion has much to 
recommend it. On the assumption that the reaction is a surface process, greater 
efficiency of oxidation should also result from smaller particle size for the AgO and 
more vigorous stirring. 

It must be emphasised at this point that the efficiency of excess silver(H) oxide 
in oxidising manganous and chromic salts was clearly demonstrated by Lingane 
and Davis.’ Because excess reagent can be destroyed by warming the solution, the 
method is preferable to that using sodium bismuthate, where excess has to be removed 
by filtration, and is preferable to the use of ammonium persulphate with silver ion 
as catalyst because in this case excess persulphate ion has to be destroyed by boiling. 

The theoretical study described in this paper gives some information on the mecha- 
nism of the oxidation process and suggests ways in which the amount of silver@) 
oxide required to give the desired excess can be reduced, but it should not deter 
workers from using the method of Lingane and Davis, who solved the problems 
described in this paper in a practical manner. 

~a~~enfas~~-Die Oxydation von M~gan~I)- und Chrom(III)- 
Liisungen durch Sil~r~~-oxyd in iiberchlorsaurer L&sung wurde 
untersucht. Ausbeute und Geschwindigkeit der Oxydation Lndern 
sich mit der Konzentration des Reduktionsmittels, der zugesetzten 
AgO-Menge, Temperatur, und Konzentration von Slure und 
einwertigen Silber in der Lbsung. Schlechte Ausbeuten bei der 
Oxydation konnen der Bildung von Sauerstoff zugeschrieben werden. 
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Die Ergebnisse werden im Sinne eines moglichen Reaktionsmechanis- 
mus diskutiert und die besten Arbeitsbedingungen fiir Oxydationen 
mit AgO angegeben. 

R&ume--On a etudie l’oxydation de solutions de manganese(I1) et 
chrome(III) par l’oxyde d%rgent(II) en milieu acide perchlorique. On 
a trouve que l’efficacite, et la vitesse du processus d’oxydation, varient 
toutes deux avec la concentration du reducteur, la quantite d’Ag0 
ajout6, la temperature, I’aciditi?, et la concentration en ions argent 
monovalent dans la solution. L’inefficacite du pro&de d’oxydation 
peut Btre attribuee & la formation simult~~ d’oxygene. On discute 
des r&&tats du point de vue mecanisme reactionnel possible, et 
indique les conditions optimales pour les oxydations utilisant AgO. 
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Stntuna~-Whether the analysis of effluent gases during thermal 
decompositions is used to elucidate the progress or the mechanism 
of the decompositions, or to characterise the specimen, certain prob- 
lems must be dealt with. These problems, invoIving heating, the 
analysis of the products, and the compromises which must be made in 
simultaneous measurements, are discussed. 

INTRODUCTION 

THE analysis of efiluent gases during thermal decompositions can be of great help in 
elucidating the progress or the mechanism of the decomposition, In some cases, too, 
the decomposition products may be used to characterise or identify the specimen. 
For whatever purpose the analysis is carried out, certain problems must be overcome. 

These problems relate to the heating, to the analysis of the products and to the 
compromises which must be made in simultaneous measurements. 

HEATING OF SPECIMENS 

The solid material being studied has been or can be heated in several ways, 
and for multiple-purpose studies as well as specifically for the analysis of the decom- 
position products. The most common of the multiple dete~nations would be 
simultaneous differential thermal analysis and effluence analysis; the effluence from 
a thermogravimetric analysis could also be analysed, but this will invariably be 
accompanied by considerable dilution. In any event, in such sim~taneous deter- 
minations the heating programme and heating conditions are fairly rigidly prescribed 
by the requirements of the other technique. In those eases in which the sample is 
heated specifically for analysis of gaseous decomposition products, a fairly wide range 
of heating conditions can be and have been used. Examples could include slow 
heating of a rather massive sample to some fixed temperature or, at the other extreme, 
flash heating by use of a high-intensity source of visible and infrared radiation. A 
common technique, intermediate between these, is the practice of placing the sample 
on a heater (wire) or in a heater specially formed, then applying a predetermined 
voltage to the heater so that the specimen heats in an uncontrolled but approximately 
reproducible manner. In contrast to this latter, the specimen can be heated in some 
programmed manner, as would be typical in the simultaneous determinations. 

* Presented before the Pastern Analytical Symposium, New York, U.S.A., November, 1962. 
t Present address: Department of Chemistry, The University of Akron, Akron, Ohio 44304, 

U.S.A. 
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SIMULTANEOUS DETERMINATIONS 

Let us use as a starting point the present author’s work with some sinmltaneous 
determinations. This has been, of late, generally concerned with some form of thermal 
analysis, so that simultaneous differential thermal analysis and effluence analysis 
would have obvious benefits. In previously reported work,r the author has connected 
a dynamic-atmosphere differential thermal analyser to various devices for detecting 
gaseous products and/or establishing the nature of the products. 

DlFFERENTtAL THERMAL 
ANALYSIS FURNACE 

ATvsT 

‘REFERENCE 

THERMAL CONDUCTIVITY 
DETECTOR 

l?XG. l.-Combination differential thermal analysis and double efBuence analysis. 
The transient changes in the sample stream are detected in chromatographic-type 

analysers. 

One arrangement used is shown in Fig. 1. In this arrangement a gas is supplied 
to the furnace chamber under sufficient pressure to cause a reasonable flow-this 
flow varies with the type of experiment-downward through the sample and through 
the reference materials. The gas passing through the reference is used as the reference 
gas in the thermal ~onducti~ty detector, and the gas passing through the sample is 
compared with it. Any gaseous decomposition product whose thermal conductivity 
is different from that of the “chamber gas” will then produce in the thermal conduc- 
tivity detector a different cooling effect from that produced by the pure chamber gas 
during the time that the product gas is passing through the thermal conductivity 
detector. The magnitude of the differential signal from the thermal conductivity 
detector is, at low concentrations, proportional to the quantity of the product gas 
passing through at the moment, so that integration of the area under a total de- 
flection is a measure of the quantity of the gas evolved, provided that the nature of the 
gas is known. In this arrangement, the gas which has passed through the sample 
then goes into the gas density detector. The gas density detector has the advantage 
(over the thermal conductivity detector) that it is not only a quantitative measuring 
device, but is to some extent quali~tive, It has a further advantage that the sensitivity 
of the detection can be adjusted by judicious selection of carrier gas, because the 
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density or “apparent molecular weight” is the only property of importance in the 
measurement. 

The gas density detector depends for its operation on the effect of minor changes 
of flow in the vertical column on the total flow in tubes connected to the top and 
bottom of a vertical column, Let us assume that in this device (Fig. 1) a steady-state 
flow of sample and carrier gases into their ports has been established so that we 
have a steady-state cooling of the detector elements. Now at some point upstream 
we inject a small quantity of a product gas, as we might in the normal course of a 
decomposition in diEerentia1 thermal analysis. If this product gas is heavier than the 
carrier gas, the change in density, of course, will be an increase and, hence, the 
sample plus carrier gas will tend to flow downward to a greater extent than upward. 
This downward flow will decrease slightly the flow in the lower supply tube (Fig. 1 
of ref, cited) and increase slightly the flow in the upper supply tube; this change in 
Ilow in the supply tubes produces a change in the coo&g effect on the detector 
elements, an increase in the upper and a decrease on the lower. The difFerentia1 flow 
at any moment is proportional to the difference in density of the sample plus carrier 
gas from that of the sample gas alone, permitting, of course, a quantitative measure- 
ment of the material passing through (assuming that it is a single gas). Note, however, 
that the density of the sample plus carrier gas is dependent not only on the quantity 
of sample but also on the nature of the sample; i.e., that a gas which, pure, is only 
slightly heavier than the carrier gas will at a given level of concentration produce 
some fixed differential flow, but a gas substantially heavier than the carrier gas will 
at the same concentration produce a significantly greater differential flow. Because 
of this, qualitative as well as quantitative information can be obtained. If the sample 
gas is unknown, a second ex~~ment with a carrier gas of different density will 
provide results for calculation of the real or apparent molecular weight of the sample. 
(If the sample is a mixture of gases, the apparent density will be dependent on their 
relative proportions and their relative densities in the pure state.) If the number of 
possibilities is quite limited, a simpler identification is possible by bracketing the 
density of the suspected gas in two runs; for example. if there is reason to believe 
that the specimen gives ofI oxygen when heated in an inert atmosphere, an experiment 
using nitrogen as the carrier gas will show that the sample is more dense, and a 
second experiment using argon will show that the sample gas is less dense; if necessary, 
direct comparison of the areas will show whether or not the apparent molecular 
weight of the gas is 32. 

The present author has used this type of identification in several cases of which 
two may be cited. In some studies of cobalt oxalate hydrate the nature of the second 
step was not known with certainty. Most oxalates decompose in a non-oxidising 
atmosphere by loss of carbon monoxide to go to the corresponding carbonate. A 
cobalt oxalate resulting from the heating of the dihydrate decomposed ca. 400” to 
yield what appeared to be a finely divided metal. In closed-chamber differential 
thermal analysis experiments with air as the furnace atmosphere_ this metal powder 
had, around the opening along the support tube, evidence of oxide formation. The 
question was resolved by differential density analysis using nitrogen as the carrier 
gas. If the cobalt oxalate decomposes directly to the metal, 2 moles of carbon 
dioxide are released and because 2 moles of water are also released the areas should 
be in direct relation to the density difference. The density difference between water 

4 
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and nitrogen, assuming ideal gas, etc., is 28-18 or 10 g per mole; the difference 
between carbon dioxide and nitrogen wouXd be 44-28 or 16 g per mole. The ratio of 
areas then should be 1.6 if the decomposition is directly to the metal. Within a few 
percent, attributable to experimental error, this is the result obtained. Note that in 
this experiment carbon monoxide, having a molecular weight of 28, would not have 
shown its presence at all, because its density is the same as that of nitrogen. 

As part of the same work, nitrogen and argon were used to establish the evolution 
of oxygen during the decomposition of lanthanum oxalate hydrate. Some carbon 
had been found with the lanthanum oxide when the material was heated in an inert 
atmosphere. Above 700” a gas heavier than nitrogen, but lighter than argon, was 
evolved. In another experiment, reported therein but using oxygen as the dynamic 
gas, the arrangement shown in Fig. 1 was used to obtain simultaneous measurements 
of AT, Ad and AK as lanthanum oxalate hydrate was decomposed. The thermal 
conductivity measurements are not very useful, because carbon monoxide does not 
differ enough from oxygen. Carbon dioxide could be detected, but not with nearly 
the sensitivity obtainable in a helium or hydrogen stream. 

Although these particular sets of curves were obtained during single runs with 
all measurements being made simultaneously, this is not by any means a necessary 
procedure. Separate experiments would be just as instructive, and possibly experi- 
mentally more convenient, so long as they were planned properly. 

GAS CHROMATOGRAPHY 

In many cases a more specific identification than described above may be needed, 
because at some stages in the decomposition more than one product may be given 
off. For such cases, the addition of gas c~omatography is useful. Gas chromatog- 
raphy, as ordinarily practised, would be relatively ineffective; it would measure all 
the decomposition products up to the time of sampling. Specific identification of the 
product of a particular reaction requires that the sampling be made for that reaction 
alone; i.e., any reaction products from previous decompositions should already 
have been removed from the site of sampling. This can be done readily by an arrange- 
ment such as that shown in Fig. 2. In this system a furnace like that shown in Fig. 1 
is used to carry out the thermal decomposition. The carrier gas which passes through 
the sample, may, if desired, be passed through a thermal conductivity cell for a 
continuous and general survey of decomposition products, but, more important, it 
passes through a pair of sampling valves with, in some cases, an interposed water 
trap. These sampling valves operate at programmed intervals to withdraw samples of 
gas from the stream and pass them through chromatographic columns and detectors. 
The programming is done by trial and error. For the Fluoropak column, and sepa- 
rately for the split column flow, conditions were determined w-hich gave adequate 
separation. An adjustable cam timer was then connected to the sampling valves so 
that during each revolution one sampling valve would open for 5 see, then close. 
The oven temperature, the flow rates and the sampling times were chosen for each 
type of experiment specifically to permit rapid sampling. In effect, each sampling 
occurs soon after the last expected peak from the previous sampling. 

The Fluoropak column, when used, permits all non-polar and not very polar 
materials to run through rapidly, but holds up the water long enough to give separation 
and permit measurement. 
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FIG. 2.-Gas train and switching for repetitive dual-sampling chromatography. 
Sample valve No. 1 transfers a 3-ml sample and No. 2 a 5-ml sample. Sampling 

interruptions have been deleted in copying (see Fig. 3.) 

I I I 

FIG. 3.-Chart section showing a number of sampling cycles and the temperature at 
which the sample was taken. 

The temperature at the moment of sampling is measured and the reaction occurring at 
that temperature thus described. Alternate samplings, e.g., 417” and 446”, are into 

the Fluoropak column; the others go through the split column. 
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The second sampling valve in turn withdraws a specimen from the stream and 
directs it through a split column to a second detector. This split column has silica 
gel in the one side and a molecular sieve in the other; the silica gel holds up the 
carbon dioxide but passes the other permanent gases through rapidly, and the molec- 
ular sieve separates the permanent gases. Proper adjustment of the relative flows 
permits appearance of the carbon dioxide conveniently in the interval of time between 
the appearance of nitrogen and of carbon monoxide from the molecular sieve. The 
chromatogram results from the presence of all the gases, but is shown at the right for 
each column and at the bottom for a complete cycle. Fig. 3 shows a chart section 
with a number of cycles, the appearance and disappearance of peaks reflecting the 
beginning and subsidence of reactions as the specimen material is heated. 

Examination of several cycles of the chromatographic analysis permits, then, 
the following of a reaction or, more important, a series of reactions by the relative 
heights or areas of peaks. Fig. 4 shows such a series. The left-hand analyses are 
solely for water; those to their immediate right are the associated samplings for the 
permanent gases and those at the far right a subsequent series of analyses for the 
permanent gases. No water appeared in the later analyses for water so these are not 
shown. Note that even in the water analysis an indication of the increasing concentra- 
tion of other gases was apparent from the growth of the peak just before the rather 
broad water peak. Similarly, even though the carbon dioxide and carbon monoxide 
peaks run together at high concentrations, the sharp peak shortly after the sampling, 
resulting from the permanent gases other than carbon dioxide passing rapidly through 
the silica gel column, gives an indication of the concentration of carbon monoxide 
even when the peak is almost obscured by the carbon dioxide. At the higher tem- 
peratures, carbon dioxide evolution ceases and carbon monoxide is the only product 
detected. 

The results from one run are tabulated in Fig. 5 along with the differential thermal 
analysis and differential conductivity curves. The water is given off over a rather wide 
range, and the peaks are poorly defined in this dynamic atmosphere of helium; then 
the decomposition of oxalate occurs very sharply, and the interrupted peak on the 
thermal-conductivity curve can be related to the more or less continual evolution of 
carbon dioxide coupled with the quic~y-terminated evolution of carbon monoxide. 
The new appearance of carbon monoxide at higher temperatures is also apparent. 
The high drift in the differential thermal analysis signal is a result of sintering of the 
specimen and consequent change in the heat transfer from the side to the centre of the 
specimen. One might conclude from these particular curves that AK is a more sen- 
sitive measurement than AT, and in some cases this could be justified. Consider, 
however, that this particular experiment used a helium atmosphere and the thermal 
conductivity change is at a maximum; a dynamic atmosphere of helium would seldom 
be picked for differential thermal analysis (vi& infu). Further, differential thermal 
analysis detects changes of state which the thermal conductivity of the gas stream 
obviously cannot reflect. 

Some of the earlier exploratory work combining chromato~aphy with differential 
thermal analysis shows the hazard of vitiating results from one of the techniques. 
Fig. 6 shows some differential thermal analysis curves for an ocean sediment specimen 
obtained with air and with helium as dynamic atmospheres. While the analysis in 
helium was being performed, a technician took chromatographic samples by manual 
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operation of a sampling valve at regular intervals. 2 There is no difficulty in following 
the appearance of carbon monoxide and the appearance and virtual disappearance of 
carbon dioxide in the decomposition products, but there is significant difficulty in 
finding any thermal effects in the helium run to which to relate the gas evolution. 
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FIG. 4.-Reproduction of several chromatographic analyses from the chart of which 
Fig. 3 showed a part. The temperatures of sampling are indicated. 

The appearance and disappearance of specific products can be followed easily. 

One may not conclude that combinations of techniques will necessarily be useful. 
Simultaneous determinations are of benefit only under those conditions in which 
neither technique is greatly compromised. The planning of separate experiments for 
each technique will often be more fruitful. 
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FIG. K-Tabulated chroxnatographic peak heights related to the simultaneously- 
obtained differential thermal analysis and thermal conductivity analysis of the effluent 

stream. 
The sudden appearance of carbon monoxide and dioxide is indicated also by the plots. 

The curves, however, give no hint of the relative amounts of CO, and CO. 
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CRITIQUE 

With all the problems of simultaneous analysis, and the distinct probability that 
separate experiments could be better or more instructive, the simultaneous-deter- 
minations technique is generally superior to point-by-point sampling for the same 
types of analyses. Let us consider the technique devised by Murphy, Hill and 
Schachel3 in which a differential thermal analysis was performed of poly(viny1 
chloride) in an evacuated vessel which had connections also to some previously 
evacuated sampling tubes for mass spectrometry. The object is, of course, to determine 

CHROMATOGRAPHIC ANALY S I S 
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FIG. 6.-Differential thermal analyses of an ocean sediment related to the effluence analysis. 
The appearance and disappearance of the gases can be related to the peaks of curve A, 
but curve B bears no appreciable resemblance because the reactions are quite different. 

the identity of the gaseous products coming off at various stages of the heating, but 
consider the required procedure. One must first make a trial run in order to establish 
the temperatures which may be of interest. After selecting the sampling temperatures 
a re-run must be made with operator monitoring in order that the selected samples 
may be taken at the proper time; and finally, the gaseous samples taken must be 
conveyed to the other instrument, in this case a mass spectrometer, and analysed 
individually. All of this is perfectly possible, and may be justified on the basis of the 
need for information about a particular sample; but there immediately arises the 
problem of the need for an operator to make a judgment on probably inadequate 
results. That is, on a specimen with which the operator is not familiar, a single 
thermogram is seldom sufficient to establish the identity of a given reaction. 

In this technique the choice of sampling points is obviously extremely important, 
yet the example shown by Murphy et al., involves what is apparently an error in 
choice. They sampled at 300 and 400”, the lower temperature being at the peak of 
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an endothermic reaction and the higher temperature at what they describe as a flat 
exotherm. They found, as they expected, hydrogen chloride evolved at 300’; and 
we may infer that they had expected similar evolution at 400” for they reported that 
no hydrogen chloride was evolved, without specifying the presence or absence of any 
other material. The absence of any material evolved in the 400” region should not be 
a surprise; that region is almost certainly not an exotherm or caused by any reaction 
at all. It is far more likely a simple change in base line resulting from the change in 
thermal properties of the specimen. The important point here is not that their infor- 
mation needs re-interpretation, but that such an error is easily possible with point- 
by-point sampling techniques. 

Let us now consider an arrangement in which the gas given off by a heated 
specimen is swept by a carrier gas into a thermal conductivity detector. In the arrange- 
ment described by Ayres and Bens, 4 the sample cells are test-tubes set in a metal 
block. A differential thermal analysis is performed on the specimen, and the plot 
from the thermal conductivity cell is related to the differential thermal analysis plot. 
The carrier gas passes through a preheater and then flows over the sample and reference 
specimens and thence into the detector cell; note that the gas does not pass through 
the specimen, so the atmosphere surrounding the particles will vary depending on the 
nature of the product gas and the depth of the particle within the total specimen. 
The upper layers are continua~y exposed to an atmosphere of essentially pure helium, 
but, during a decomposition, the helium will be displaced by the product gas and, 
especially near the bottom, the particle will experience an enrichment of the product 
gas concentration. 

The effect of the enrichment within the bulk of the specimen will vary, depending 
on the nature of the sample. Reactions having any appreciable semblance of reversi- 
bility will be spread over a range of temperatures because of the atmospheric effect, 
but yet not to the same extent as would be the case in the absence of a moving atmos- 
phere, because we can consider any product gas to be diffusing outward into a zero 
level concentration above the specimen. For a reversible reaction, then, this tech- 
nique will yield differential thermal analysis curves intermediate between those obtained 
in static atmospheres and those in dynamic atmospheres, as cited previously. The 
effluent gas analysis will closely parallel the differential thermal analysis curve. Irre- 
versible decompositions, such as the perchlorate decomposition and many organic de- 
compositions, will be virtually unaffected by any movement of the atmosphere, because 
these reactions proceed rapidly when the decomposition temperature is reached, 
regardless of the ambient atmosphere. The detection of the effluent gas can be 
expected to agree less well than in the case of the reversible reactions, because a 
tailing off is essentially certain to follow a rapid exothermic reaction; in addition 
to the effect from burst of gaseous products spewed into the carrier stream, these 
products displace the carrier gas from the nooks and crannies within the specimen, 
and some reasonable interval of time will be required for this material to diffuse out 
of the specimen and into the gas stream. In reversible reactions, under this type of 
condition, there is very probably a diminution in the rate of formation of the product 
gases as their concentration increases and, towards the bottom of the sample vessel, 
material which has not reacted may yet exist after the peak temperature difference 
has passed. The return to the base line will be slow because of this continuing reaction, 
and during the same period these last portions of product gases will be diffusing out 
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of the specimen and into the gas stream in ever-decreasing quantities; the effect in the 
gas detector is, then, rather similar to the differential thermal analysis peak. 

Let us examine the results by Ayres and Bens using ammonium perchlorate, 
first reviewing the reactions of ammonium perchlorate under a small variety of 
conditions. Differential thermal analysis curves in various atmospheres were 
obtained by Stone;6 in an ammonia atmosphere the entire decomposition occurs at 
one temperature, because the presence of the ammonia represses the initial decom- 
position. In any other gas a preliminary decomposition occurs which is slightly 
pressure-dependent. The final decomposition temperature remains the same. Note 
that this initial decomposition is not a necessary prelude to the exothermic decom- 
position. The evidence so far suggests that in the absence of ammonia this initial 
decomposition comprises the loss of all or part of the ammonia. We might predict 
either a double salt remaining at this stage or, if all the ammonia is lost, that the 
perchloric acid vapour pressure has not yet reached 1 atmosphere. 

In vacuum the final decomposition is not exothermic at all. We may infer that 
the ammonium perchlorate decomposition products from the initial reaction volatilise 
and the material is swept out before decomposition. 

In any case, the curve obtained by Ayres and Bens in helium would correspond 
to the third of Stone’s curves, i.e., the one obtained in nitrogen at I atmosphere. 
The difference in the nature of the flowing or dynamic gas between the two experiments 
is of no consequence, so long as the gas does not enter into any sort of reaction with 
the specimen. The drawn-out initial decomposition, and the tailing off of the gas 
evolution after the final decomposition, can be attributed to the manner of passing 
the gas across the sample as explained above. 

Less volatile products will cause a rather different trouble, but the problem is 
apparently purely physical, and could be corrected by redesign of the apparatus. 
Ayres and Bens also show decomposition curves for nitroglycerine and a propellant. 
Note that at the upper extremes in temperature an evolution of gas appears to take 
place with no evidence of a thermal effect. This is more likely caused by the conden- 
sation of a decomposition residue in a cooler part of the glassware and subsequent 
vaporisation of the residue as the heating continues and that part of the glassware 
reaches a sufficiently high temperature. 

Ayres and Bens called attention to the possible troubles from condensation; 
the present author’s contribution is the delineation of events within the sample. 

Another use of simultaneous differential thermal analysis and a form of effluence 
analysis was of a very special kind. Buss&e and others6 constructed an apparatus 
in which they could simultaneously perform differential thermal analysis, thermo- 
gravimetric analysis, and a measure of the emanation from radioactive thoron. 
Their work is based on the absorption of radioactive thoron along the interfaces 
between crystallites. The sample used was thorium oxalate hydrate, The radioactive 
decay of thorium produces thoron, (also radioactive), part of which escapes and part 
of which is trapped in the interfaces or interstices and, at best, moves slowly to the 
particle surface. When, however, the material undergoes a change of state, 
the disruption of the crystals permits more ready escape of the thoron from 
amongst the crystallites. 

Buss&e et al. passed a gas stream across their specimen and into a detector in 
which the radioactivity of this gas stream (from the thoron) was measured. Their 
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results are not easily interpreted at first sight. The first dehydration is unambiguous; 
each of the measurements demonstrates an effect which we can accept as decompo- 
sition to the dehydrate, as stated by Buss&-e and others. The second weight loss and 
accompanying endotherm are clear enough, but there is no corresponding event in 
the emanation measurement. Further, in the final decomposition, not only does the 
thermogravimetric curve indicate a single, smooth-wave loss while the differential 
thermal analysis curve shows a pair of reactions, but the emanation curve even shows 
a decrease rather than the predicted increase. 

The two-step final endotherm shown by the differential thermal analysis could 
be the decomposition of the oxalate, first to the carbonate, and subsequently to the 
oxide. On moderately large specimens, and with no usefd atmosphere control, 
these two decompositions will (or at least can) overlap enough to give a single thermo- 
gravimetric weight loss. The present author will not attempt to explain the slow rise 
in the emanation between about 120 to 250”. The decrease in the region of 300” 
may possibly be the result of dilution; the evolution of the other gases may become 
such a significant part of the total gas flow that the flow through the counter is in- 
creased, and the quantity of thoron present in the counter at any moment consequently 
decreased. As the rapid evolution diminishes, the increased concentration is again 
apparent. The method is interesting, and may be particularly useful in special cases. 
As a general technique, it suffers from the disadvantages that it does not provide a 
complete and unambiguous response to events in the specimen and, further, it 
requires the presence of thorium or some other radioactive material producing a 
radioactive gas with a short half-life. 

DETERMINATION ONLY OF GASEOUS PRODUCTS 

Let us now consider some experiments in which the gathering of information was 
confined to study of the gaseous products of decompositions. These range from 
systems in which only the event is of interest to systems in which the products are 
measured quite specifically, both qualitatively and quantitatively. One of the former 
type is that of Rogers and others’ in which the specimen was pyrolysed in a stream 
of helium. The organic vapours from the pyrolysis chamber are oxidised to water and 
carbon dioxide in the combustion tube, to avoid condensation as well as to enhance 
sensitivity, (The conversion of a molecule of some fairly complex organic material 
to many molecules of carbon dioxide and water will quite naturally enhance the 
signal obtained in passing through the thermal conductivity cell.) The pyrolysis 
block is heated by commercial cartridge heaters through a temperature programme. 
The results obtained from the thermal conductivity measurements are simple indi- 
cations of decompositions without identification, except, in some cases, by the 
temperature at which the decomposition occurs. It has the advantage over the Ayres 
and Bens apparatus that the conversion to carbon dioxide and water rids the 
system of easily condensable materials which might later vaporise and give a false 
signal. 

These simple indications of decompositions are useful principally in establishing 
temperatures of decomposition, but with known products the technique can also be 
used as a quantitative measure with the same confidence as gas chromatography, 
because the same type of detector is used. The user must know the product gases 
specifically, or at least know that the same material containing the same proportions 
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of carbon and hydrogen will come off from each sample tested. If this knowledge is 
not available with certainty, more detailed analyses may be in order. It is necessary 
only to substitute a technique for analysis instead of, or as well as, detection of the 
gaseous products. There is no reason why programming of the temperature is not 
still possible. The most generally useful technique for analysis of these effluent gases 
is gas chromatography; in the reported work seen by the present author, these sample 
materials have been vaporised into the carrier gas stream, and carried immediately 
into the chromato~aphic column. 

QUALITATIVE IDENTIFICATION OF DECOMPOSITlON PRODUCTS 

In general, direct injection of the decomposition product gases into the 
chromatograph is done by rapidly heating the material in the gas stream, the means 
of heating being usually the sample container as well. Experimenters principally 
interested in the chromato~aphic analysis can very easily overlook the importance 
of the manner of heating and, indeed, this is a common occurrence. The specimens 
are heated rapidly, so that the product gases appear in the chromatograph as a single 
pulse of gases; identification of the gases given off at intermediate temperatures is 
not attempted. 

The transfer of heat from the heater wire to the sample material is a source of 
variation and error with specimens of appreciable thickness. Jennings and Dimick* 
avoided the heat transfer problem by evaporating the specimen on the heater wire 
(using aqueous phosphoric acid to supply hydrogen and oxygen for the decomposition 
reaction). They examined the effect of temperatures from 550 to 1 IOO”, finding that 
for thymine there was no appreciable difference in the pyrolysis pattern, i.e., the 
identities and relative quantities of products. The first composite peak in their 
Fig. 2 is likely to be permanent gases. These results show their reproducibility on 
repetition of the experiment as indicated in their table. This is not the sort of repro- 
ducibility one would expect from an ordinary chromatographic analysis, so that the 
deviation of irreproducibility must be related to the pyrolysis technique. The non- 
linearity in Jennings and Dimick’s calibration values may still possibly be a heat 
transfer problem; the thin specimens with good exposure to the atmosphere may 
partly volatilise without decomposition, but the thicker specimens, being heated 
from the inside, may be subject only to the same absolute quantity of vaporisation, 
and hence a smaller percentage effect. The probability that the thicker specimens 
reach higher temperatures locally may also lead to some variation in the relative 
quantities of the several products, even though the identities of the products remain 
the same. Note that Jennings and Dimick were able to distinguish quite clearly 
between positional isomers; cytosine and isocytosine showed quite different pro- 
portions of products under similar pyrolysis conditions. 

Quite different heating conditions were used by Strassburger, Brauer, Tryon and 
Forziati;s these authors used a much lower temperature pyrolysis in their studies 
of methyl methac~late copolymers. They heated their pyrolysis coil to about 450” 
with IO-15 mg of specimen contained therein. At that temperature, and in the 
absence of oxygen or of hydrogen, a relatively non-volatile residue is formed. The 
reactions causing the formation of the residue also introduce distinct non-linearities 
into the calibration for quantitative measurements so that, for example, the sample 
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weight-to-peak area ratio varies by a factor of 2 in the methyl methacrylate-ethylene 
dimethacrylate copolymer. 

DEPENDENCE OF PRODUCTS ON CONDITIONS 

Although some of the authors cited indicate that the pyrolysis products are the 
same over a wide range of pyrolysis conditions, to assume this happy circumstance 
for any given material to be studied would be exceedingly optimistic. A thin layer of 
material in contact with a heating element or other form of hot surface, at a tempera- 
ture appro~mating the ultimate decomposition temperature of the material, may 
transmit heat rapidly enough to permit the entire film to decompose at essentially 
the same time, and more or less at the same temperature. The material in contact 
with the heated surface does not necessarily rise in temperature greatly above the 
surface of the film. If this heated surface were several hundred degrees, say, above 
the ultimate decomposition temperature, rapid decomposition of the inner portion 
of the film could change the conditions of heat transfer substantially, With very 
thin specimens the problem will arise only in the extreme cases, because the heating 
of the surface is not instantaneous; the heat capacity of the wire itself will cause 
some delay in reaching the final temperature, permitting a similar smooth rise by the 
specimen material. 

If a thick sample is placed in contact with a heating element, and the heating 
element is supplied with a sudden application of an electric circuit, the relatively low 
thermal conductivity of the typical organic specimen will permit the establishment 
of a high (and not necessarily continuous) temperature gradient through the specimen. 
The over-all effect will depend on the nature of the sample-holding system; if the 
material has been deposited on a wire or other surface by evaporation of a solvent, 
so that there is a continuous layer on the heating surface, the material next to the 
heating surface may well be heated slowly enough to permit low temperature de- 
composition products to form; but these decomposition products cannot escape 
and will consequently be subject to further decomposition. If particles are laid upon 
the heating surface, the portion of the surface initially in contact may be heated 
slowly enough to undergo a low temperature decomposition, but the new layers of 
material subsequently touching the heated surface are coming in contact with a 
hotter and hotter surface, bringing about the possibility of a different decomposition 
mechanism. 

The change in products obtained with change of pyrolysis conditions has been 
demonstrated by Martin and Ramstad,lO who used flash pyrolysis to decompose 
cellulose in the sample chamber of a two-stage column. They separated the per- 
manent gases on a gas-solid absorption column, using polypropylene glycol. The 
specimen was heated by flash photolysis; i.e., intense radiation from a flash tube 
or arc source was directed on the specimen for a short length of time, the temperature 
reached depending both on the intensity and the time of exposure. They induced 
momentary temperatures in the sample in excess of 600”, with intense radiation of a 
millisecond duration, and compared the results with a slower pyrolysis in the 
2%350’ range, induced by less-intense radiation lasting for several seconds. The 
decomposition products are carried into the polypropylene glycol column, where the 
permanent gases are impeded only slightly. These are led from the glycol column 
into the activated charcoal column where the gases are separated, the columns being 
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uncoupled immediately after passage of the permanent gases from stage 1 into 
stage 2. The slow pyrolysis produces only carbon monoxide and carbon dioxide 
among the permanent gases, but the flash pyrolysis produces significant quantities 
of the lighter hydrocarbons. The principal feature of the partition column curves is 
the greatly diminished amount of water relative to the other components in the 
flash pyrolysis. Although it is the major component, two of the other peaks at least 
surpass it in height. Note, too, that the magnitude of the carbon monoxide peak in 
the flash pyrolysis is more than ten times as high as the carbon dioxide peak, but 
in the slow pyrolysis it is somewhat smaller. Explanation of these variations would 
require further knowledge of the system, but a safe general conclusion can be stated: 
variations in the rate of heating of an organic specimen may cause different products 
or different relative quantities of products. 

OTHER POSSIBILITIES 

Now let us consider some of the extensions of eflluence analysis. First of all let 
us consider changes in the carrier gas, made with the intention of encouraging or 
inhibiting some particular reaction. The use of helium-oxygen and helium-nitrogen 
mixtures has already been discussed in relation to determining the steps of an inor- 
ganic reaction. In this case, the helium-oxygen mixture permitted the oxidation of 
carbon monoxide, but the absence of oxygen brought about decomposition without 
oxidation. Similarly, small quantities of oxygen in the carrier gas stream would 
permit oxidation or partial oxidation of the specimen; or the presence of hydrogen 
might permit saturation of organic carbon chains. This is not being recommended 
as a general technique, but as a modification of procedure which might yield useful 
information. Repetitive sampling into the column in the manner practised by the 
present author (zlide supra) would yield successive lots of decomposition products as 
the temperature was increased. Decompositions of specimens can be carried out 
directly in the sampling locations of analytical instruments other than chromatographs 
or chromatographic type of detectors, and similarly the decompositions can be 
programmed either step-wise or continuously. Two types of analyser are of par- 
ticular promise, optical and mass spectrometers. Decomposition into, say, an infrared 
absorption spectrometer sample tube would be of particular interest if a particular 
compound or functional group were being monitored. Fairly high resolution would 
be required to obtain unambiguous results. There is the advantage, however, that 
the appearance of the product could be followed during the entire decomposition 
and if the decomposition is programmed some measure of the temperatures of 
appearance of various products may be obtained. 

Of the mass spectrometers, the time-of-flight spectrometer would be of special 
interest because of the high frequency of repetitive sampling possible. Decomposition 
in a chamber connected to the spectrometer by an appropriate orifice would make 
possible the gathering of kinetic information on decompositions. 

Relating the events recorded by these various techniques needs to be done with 
great care, Buss&-e et aZ.6 compared curves obtained by their simultaneous deter- 
minations (Gde sup-a) to those obtained on other (apparently single-purpose) appa- 
ratus. Bussike et al. conclude that it is preferable to make all the measurements 
simultaneously in order to obtain agreement in the interpretation of a given reaction. 
This is a fairly common attitude. The present author has contendedil-and still 
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contends-that unless the results from each technique have some real significance, 
attempts to relate them are seldom rewarding even when apparently successful. The 
agreement that is almost unavoidable in simultaneous determinations can give the 
observer an entirely unwarranted confidence in whatever he chooses the curves to 
mean. Further discussion of simultaneous determinations is presented in a forth- 
coming monograph.12 

Zusammenfassung-Die Analyse der bei therm&hen Zersetzungen 
entwickelten Gase kann dazu dienen, das Fortschreiten oder den 
Mechanismus der Zersetzungen zu verfolgen oder die zersetzte Probe 
zu charakterisieren. In iedem Fall mtissen bestimmte Probleme 
berticksichtigt werden. D&e Probleme werden diskutiert, darunter 
das Vorgehen bei der Aufheizung, die Analyse der Produkte und die 
Kompromisse, die bei Simultanmessungen geschlossen werden mtissen. 

RBsum&-Que l’analyse des gaz qui se degagent lors de decompositions 
thermiques soit utilisee pour 6lucider le developpement ou le mecanisme 
des decompositions, ou pour cam&riser l’echantillon, on doit traiter 
de certains problemes. On discute de ces problemes, comprenant le 
chauffage, l’analyse des produits, et les compromis auxquels on doit 
avoir recours lors de mesures simultan6es. 
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Summary-In this first paper of a series, a new analytical tool is intro- 
duced for the analysis of fluorescent molecules-quenchofluorescence 
analysis. This field of research will have far-reaching ramifications in 
organic trace analysis. Analytical use is made of the quenching 
effect in spectrophotofluorometry. Compounds such as anthracene, 
phenanthrene, pyrene, benz(a)anthracene, benzo(u)pyrene, perylene, 
etc., have been found to be non-fluorescent in nitromethane 
solution, but hydrocarbons containing the fluoranthenic ring are 
fluorescent. Use has been made of this phenomenon in characterising 
fluoranthene and benzo(k) fluoranthene in airborne particulates, follow- 
ing column chromatography. The phenomenon has also been used in 
thin-layer chromatography, directly on the plate. 

FLUORESCENCE quenching is a serious problem in the analysis for polynuclear aromatic 
hydrocarbons in airborne particulates, especially with fairly high solution concen- 
trations of either the compound being analysed or the impurities. Primarily because 
of this difficulty it was believed that quenching could be a useful analytical tool. 
With a proper reagent it should be possible to quench part of the fluorescence 
excitation or emission spectra or all the fluorescence excitation and emission spectra 

of a molecule. In the former case the quenching could result from the direct 
absorption of the exciting light by the quencher; in the latter case it could result 
from the same phenomenon or from formation of a non-fluorescent molecule, or from 
both. The new molecule could be a complex or a newly formed derivative. 

As a first approximation, nitro derivatives, many of which are well-known 
complexing agents, were selected for investigation for the following reasons. Alcoholic 
solutions of rhodamine B are quenched to some extent by the addition of nitr0benzene.l 
Aqueous solutions of rhodamine B are completely quenched by picric acid.2 Complex 
formation is believed to cause this phenomenon. Acetone solutions of chrysene 
are quenched by picric acid and many other nitro compounds.2 

Benzo(a)pyrene and six other polynuclear aromatic hydrocarbons have been 
shown to be nonfluorescent in solutions of nitromethane or nitrobenzene.3 Of 
compounds of this type tetranitromethane was the most potent quencher. The 
fluorescence of 1 ,ug of benzo(a)pyrene in 10 ml of petroleum ether was completely 
inhibited by 200 ,ug of tetranitromethane.3 

It is reported that in the presence of bromine, under carefully controlled conditions, 
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the fluorescence of benzo(a)pyrene disappears but that of benzo(k)fluoranthene is 
unaffected.4 By this procedure, for which details are not given, benzo(k)fluoranthene 
and benzo(a)pyrene were satisfactorily estimated in synthetic mixtures containing 
equivalent amounts of these two chemicals, perylene, and benzo(e)pyrene. The pure 
spectrum of benzo(k)fluoranthene could not be obtained from this mixture. 

The selective use of the quenching phenomenon in the analysis for one component 
in a mixture has been studied in only a few isolated cases, and even in those cases the 
implications of the general use of quenching to increase greatly the selectivity of 
many fluorometric methods have not, as yet, been grasped. A thorough study is 
needed, because quenching reagents can greatly increase the selectivity and usefulness 
of spectrophotofluorometric and spectrophotophosphorometric analysis for many 
types of aromatic compound. It is predicted that this type of analysis will have a very 
wide range of application in organic analysis. It is suggested that these procedures be 
called quenchojuorometric and quenchophosphorometric analysis. 

In the work reported in this paper, fluoranthenic hydrocarbons are characterised 
and determined in the presence of other types of polynuclear aromatic hydrocarbon. 
In subsequent papers, other types of quenchofluorometric procedures with a very 
high order of selectivity will be introduced. 

Fluoranthenic hydrocarbons such as benzo(b)fluoranthene, benzo(j)fluoranthene, 
and indeno(l,3,3-cd)pyrene have been reported to be carcinogenic to mice.5 

Reagents and apparatus 
EXPERIMENTAL 

Nitromethane was obtained from Matheson, Coleman, and Bell, Cincinnati, Ohio, and distilled 
before use. Alumina adsorbent was obtained from Brinkman Instruments, Inc., Great Neck, L.I., 
New York. 

All chromatographic plates were examined for fluorescence colours in a Chromato-Vue cabinet 
(Kensington Scientific Corp., Berkeley, California) under a 3660-A light source. 

The following settings were used with the Aminco-Bowman spectrophotofluorometer: sensitivity 
50, meter multiplier 0.01 (whenever possible), slit arrangement No. 2, and phototube RCA type 1 P 21. 

Thin-layer chromatographic procedures 

A. Plates were prepared and developed by procedures analogous to those described previously.6 
Where mixtures of an alkane and nitroalkane were used as developing solvents, the plate was read 
under the ultraviolet light as soon as it was taken out of the tank, and was then read again after it had 
dried (about 15-30 min). 

B. Nitromethane test for non-quenchable compounds, such as juoranthenes, etc. After thin-layer 
chromatography the line of development is treated with small bursts of nitromethane fumes, or with 
microdrops of the liquid. This can be done with a throwaway pipette fitted with a squeeze bulb. 
Any change or loss in fluorescence colour is noted. 

Spectrophotojluorometry 
RESULTS 

In previous work the fluorescence spectra of a large variety of hydrocarbons were 
obtained in pentane and sulphuric acid. ’ One of the main variables in the spectra of 
these different hydrocarbons was their broad range of intensities. With nitromethane 
as the solvent most of these hydrocarbons become non-fluorescent, thus greatly 
increasing the selectivity of the fluorometric procedure. Thus, all non-fluoranthenic 
hydrocarbons are non-fluorescent in nitromethane (Table I). It must be emphasised 
that although all the hydrocarbons in Tables I and II are fluorescent in pentane or 
chloroform solution, only the fluoranthenic hydrocarbons are fluorescent in nitro- 
methane solution. 
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TABLE L-COMPOUNDS WHOSE FLUORESCENCE IS QUENCH IN 

NI~O~ANE SOLUTION 

Acenaphthylene Triphenylene 
Phenant~ene ~nzo(~~~ysene 
Anthracene Benzo(u)pyrene 
9-Bromoanthracene Benzo(e)pyrene 
Benz(a)anthracene Perylene 
1 I-H-Benzo(a)fluorene Di~~(uc)anthra~ne 
1 l-~-Benzo(b)fluorene Di~~(u~~anthra~ne 
7-H-Benzo(c)Ruorene Dibenz(aj)anthracene 
~~(c}phenanthrene Picene 
Chrysene A~thanth~ne 
4-H-Cyclopenta(def)phenanthrene BenzoQWperylene 
Naphthacene Naphtho(2,1,8qr)naphthacene 
Pyrene Dibenzo(ue)pyrene 
~-Bromop~ene Dibe~o~p~hrysene 
I-Methylpyrene D~~nzo(~~~~)~ntaphene 

FIG. L-Pluorescence spectra of benzo(k) fluoranthene. 
A. Excitation spectra: at emission 1400 m,u, MM = 0.01 and 10e6 M in pentane 

F------ ) and at emission a 430 m,q MM = 0.03 and 1OW h4 in nitromethane (- - -). 
B. Emission spectra: at excitation 1302 rnp, MM = 0.01 and lOwe M in pentane 

(------ ) and at excitation d 400 rnp, MM = 0.03 and lo-& M in ni~omethane (- - - -). 

Although these latter hydrocarbons are fluorescent in nitromethane solution, 
their short-wavelength excitation spectral bands have been quenched (Table II). 
This latter effect may result from direct absorption of the short-wavelength light by 
the quencher. The striking effect of nitromethane on the fluorescence spectrum of 
benzo(~)~uoranthene as compared to the spectrum in pentane is shown in Fig. 1, 
The intensities of all bands have been decreased. The partial quenching of the short- 
wavelength excitation bands, which probably results to some extent from the internal 
filter effect of the solvent, merits further investigation. The emission spectral bands, 
which are present in chloroform or pentane, are present in nitromethane also, 
although their intensity has been decreased. 

5 
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TABLE II-FLUORESCENCE SPECTRA OF FLUORANTHENIC HYDROCARBONS IN NI-IXOMETHANE 

Compound 

Emission spectra& Excitation spectrab 
Det. limit, Molar 
mg/O.l ml concn. EM. 1, mp MM.T Ext. 1, mp MM.T 

Fluoranthenect 340 10-a 460 0.65 380 0.68 
Benzo(b)fluoranthene” 400 10-a 400 0.45 378 0.67 

440 
450 0.69 390 040 

0.63 

Benzo(k)fluoranthenedf 13 10-S 409 2.0 384 0.9 
430 2.0 400 2.0 
458 0.9 

Benzo(ghl)fluoranthenec* 250 10-A 420 1.1 395 1.3 
445 1.4 410 0.6 
472 0.9 
500 0.4 

Indeno( 1 ,2,3-cd)pyrenecg 14 10-6 480 2.0 385 2.5 
500 2.4 408 2.4 

415 2.2 
440 0.8 

Indeno(3,2-j)acenaphtho- 7 10-e 474 0.55 390 0.7 
(1 ,2-k)fluoranthenedf 500 0.62 400 0.6 

430 0.3 

Diacenaphtho(l,2-j: 1’,2’-1) 
fluorantheneeg 5 lo-’ 474 0.11 395 0.11 

500 0.12 405 0.10 
430 0.05 

Acenaphtho(l,2-b)quinoxalinegh 750 10-J 494 0.27 397 0.27 

Acsnaphtho(l,2-b)benzo(f)- 
quinoxalineg’ 60 10-S 468 0.45 399 0.48 

Acenaphtho(l,Zb)benzo(g)- 
quinoxalineCg 70 10-S 500 0.42 399 0.42 

403 0.40 

Diacenaphtho(l,Z-b: 1’,2’-d)- 
thiophenedg 100 10-S 472 0.34 394 0.41 

501 0.41 409 0.38 

B Instrument set at most intense excitation wavelength maximum. Values in italics are shoulders. 
b Instrument set at most intense emission wavelength maximum. Values in italics are shoulders. 
c Band intensities in nitromethane-trifluoroacetic acid (99: 1, v:v) decreased one-half to one-third. 
d Same intensities in acid solution. 
e Intensity doubled in acid solution. 
f Band intensities in nitromethane-triethylamine (99 : 1, v : v) decreased one-half to one-sixth. 
e Same intensity in alkaline solution. 
h In nitromethane-trifluoroacetic acid (99: 1, v:v) at 2 x 10-6M: excitation 1 max. 400, MM.T 

0.67 and emission 1 max. 515, MM.T 0.67. 
i In nitromethane-trifluoroacetic acid (99: 1, v:v) at 10-6M: excitation 1 max. 423, 450 and 

MM.T 064, 0.70, respectively and emission 2 max. 507. 
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A tentative explanation for the complete quenching of the non-fluoranthenic 
hydrocarbons is that these compounds form a non-fluorescent r-complex in the 
excited state. In line with this hypothesis is the fact that naphtho(2,1,&qr)naphtha- 
cene is fluorescent in chloroform and non-fluorescent in nitromethane, but its 
absorption spectra in chloroform and nitromethane are essentially identical from 
600 to 370 rnp (the cut-off point for nitromethane). Consequently a complex is not 
present in the ground state, but could be present in the excited state (all concentrations 
were 1O”M). This hypothesis is being investigated. 

Every hydrocarbon so far investigated that is fluorescent in nitromethane solution 
has a fluoranthenic ring as part of its structure. Even the heterocyclic hydrocarbons 
appear to follow the same rule. The quinoxaline derivatives have 1 ring in the 
fluoranthenic part of the molecule with pat-a-nitrogen atoms. In spite of these 
nitrogens, the compounds act like the other fluoranthenic derivatives. In the thiophene 
compound a true fluoranthenic ring is not present. A sulphur analogue, which is 
iso-n-electronic to fluoranthene, is present, however, e.g., 

Consequently, it appears that a fluoranthene-type ring in a molecule is necessary for 
a polycyclic aromatic hydrocarbon to be fluorescent in nitromethane. Exceptions 
to this rule are being sought. 

APPLICATION 

Characterisation following column chromatography 

Following the column-chromatographic fractionation of organic airborne 
particulates, some of the fluoranthenic compounds can be readily characterised in 
the various fractions. When the fluorescence spectrum is obtained in nitromethane 
solution, the interfering aromatic hydrocarbons are eliminated. For example, the 
interfering spectra of all the other components in the pyrene fraction are eliminated 
and the fluorescence spectrum of fluoranthene is obtained (Fig. 2). 

In the same way, the pure excitation and emission spectra of benzo(k)fluoranthene 
can be obtained from a nitromethane solution of the benzpyrene fraction of organic 
airborne particulates (Fig. 3). Thus, with a single spectral run in nitromethane, 
benzo(k)fluoranthene can be readily characterised in the benzpyrene fraction. 

Characterisation following thin-layer chromatography 

The use of nitromethane following a thin-layer chromatographic separation of 
the benzene-soluble fraction of airborne particulates is shown in Fig. 4c. The 
fluorescence colours obtained for a dry chromatogram following development are 
seen in Fig. 4b. Treatment with trifluoroacetic acid fumes gives the chromatogram as 
shown in Fig. 4a. The brilliant emerald green and pink fluorescent spots (marked 1 
and 2) have been found in many of the benzene-soluble fractions of urban airborne 
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Fift, &--Fhorescence spectra of the pyrene fraction of airborne gxirticutates +-----1 
and fluoranthene <- - - - -1, both in nitromethane. 

FIG. 3.-Fluorescence spectra of the benzpyrene fraction of airborne ~artica~at~ 
G--- ) and ~~o~k~~orant~ene (- - - -1, bDth in Rit~et~~e. 

A. Excitation spectra. 
B. Emission spectra. 
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particulates that have been examined. They serve the function of markers, in that 
their Rr values denote the relative activity of the alumina or the moving power of the 
solvent system. Treatment of the original chromatogram with nitromethane quenches 
the fluorescence of most of the spots, and in addition brings out new spots at 3 and the 
solvent front. This technique should prove useful in the eventual characterisation of 
the many unknown aromatic compounds in airborne particulates and other complicated 
mixtures. When a benzene-soluble fraction is separated on a thin layer of alumina 
with pentane-2nitropropane (19 : 1, v : v), the final results differ drastically (Fig. 5a) 
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FIG. 4.-Alumina thin-layer chromatogram of a benzene-soluble fraction of airborne 
particulates. 

A. Original treated with trifluoroacetic acid fumes. 
B. After development with pentane-10% ether. 
C. Original treated with nitromethane fumes. 

from the pentane-ether chromatogram (Fig. 4). As the figure shows, hydrocarbons 
such as benzo(u)pyrene are invisible, while benzo(k)fluoranthene fluoresces with a 
brilliant blue colour. On standing, the fluorescence colours of most of the spots 
change, and new spots appear (Fig. 5b). Thus, evaporation of the nitropropane 
causes the compounds that are non-fluorescent in nitropropane to become fluorescent. 
This phenomenon is demonstrated by the benzo(u)pyrene spot, which is not seen in 
Fig. 5a, but which is shown fluorescent in Fig. 5b. Thus, these two different procedures 
both dependent on the quenching effect of a nitroalkane, can be used in thin-layer 
chromatography. In addition, either of these procedures can be followed by the 
treatment with trifluoroacetic acid fumes. 

Determination ofjuoranthenes 

Beer’s law type relations were found to hold for fluoranthene in nitromethane 
from 2 to 25 lug/ml and for benzo(k)fluoranthene from 0.2 to 2.5 lug/ml. Fluoranthene 
could be readily determined in a synthetic mixture of equal amounts of pyrene, 
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fluoranthene, chrysene, and benzo(u)anthracene. Similarly, benzo(k)fluoranthene 
could be readily determined in a synthetic mixture of equal amounts of benzo(o)pyrene 
~nzo(e)pyrene, perylene and ~nzo(k)~uoranthene. The pure excitation and 
emission spectra of fluoranthene and benzo(k)fluoranthene are obtained from these 
synthetic mixtures. The procedure involved dissolution of the mixture in nitro- 
methane and then reading of the meter multiplier x transmittance (MM.T) values at 
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FIG. X-Alumina thin-layer chromatogram of (1) benzene-soluble fraction of airborne 
particulates, (2) ~n~~)fluoranthene and (3) ~~~~)p~ene. 

A. Immediately after development with pentane-5 % 2-nitropropane. 
B. After plate has dried about 30 min. 

the most intense excitation and emission wavelength maxima of fluoranthene or 
benzo(k)fluoranthene. When this procedure was applied to the pyrene fraction 
obtained after column chromatography of a sample of urban airborne particulates, 
the values obtained for fluoranthene were 2.5 times those obtained by the ultraviolet 
absorption base-line method of measurement. 9~10 Similarly, high values were obtained 
for benzo(k)fluoranthene. Because fractions obtained after the fluoranthene fraction, 
and just before and after the benzpyrene fraction, were fluorescent in nitromethane 
solution, it was concluded that either additional fluoranthenic compounds or some 
other types of unquenched compound were present. The procedure is therefore of 
value for characterisation but cannot be used for the determination of individual 
fluoranthenic compounds until better separation is achieved and more information 
is obtained on any other types of compound that fluoresce in nitromethane solution. 

CONCLUSION 

A simple technique is introduced that facilitates the characterisation of fluor- 
anthenic compounds following chromatography. The method is based on the 
non-fluorescence of non-fluoranthenic hydrocarbons and the fluorescence of fluoran- 
thenic hydrocarbons in nitromethane solution. By this technique the two types of 
compound can be differentiated on a thin-layer plate or in solution. 
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Zusammenfassung-In dieser Arbeit, die die erste einer Reihe weiterer 
Arbeiten sein ~011, wird eine neue Art der Analyse fluoreszierender 
Molektile eingeftirt : die Fluoreszenz-Loschungs-Analyse. Diese 
Methode wird in der organ&hen Spurenanalyse einen weit verzweigten 
Anwendungsbereich finden. Es wird dabei analytischer Gebrauch von 
dem Effekt der Fluoreszenzloschung gemacht. Verbindungen wie 
Anthracen, Phenanthren, Pvren, Benz(a)anthracen, Benzo(u)pyren, 
Perylen usw. fluoreszieren *in Nitromethanliisung nicht, w&end 
Kohlenwasserstoffe mit Fluoranthenrine fluoreszieren. Diese Ersch- 
einung wurde dazu ausgenutzt, FluorantYhen und Benzo(k) fluoranthen 
in Schwebeteilchen a& der Luft nach vorhergegengener Slulen- 
chromatographie zu identifizieren. Die Erscheinung wurde such be.i 
der Dtinnschichtchromatographie direkt auf der Platte ausgenutzt. 

RCsum&Dans ce premier memoire dune serie, on presente une 
nouvelle methode analytique pour l’analyse des molecules fluorescentes : 
l’analyse par extinction de fluorescence. Ce domaine de recherches 
aura des ramifications lointaines dam l’analyse organique de traces. 
On utilise analytiquement l’effet d’extinction en spectrophotofluori- 
metric. On a trouve que des composes tels que l’anthracene, le phe- 
nanthrene, le pyrene, le benzo(u)anthrac&ne, le benzo(a)pyrene, le 
perylene, etc. ne sont pas fluorescents en solution dans le nitro- 
methane, cependant que des hydrocarbures contenant le noyau 
fluoranthenique sont fluorescents. On a utilid ce phenomene en 
caracterisant le fluoranthbne et le benzo(k)fluoranthene dans les 
particules en suspension dans Pair, aprb chromatographie sur’colonne. 
Le phenomene a Bte tgalement utilisb en chromatographie sur couches 
minces, directement sur la plaque. 
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Summary-Some rather unusual chemical analyses are described. A 
typical example is the determination of a few pg of one element in a 
sample composed essentially of the elements listed in the periodic table. 
This somewhat bizarre sample is a solution containing 10 mg each of 
about seventy different elements. 

INTRODUCTION 

FOR the past few years, the authors and their colleagues have been concerned with 
developing methods for the determination of trace elements in beryllium and 
beryllium oxide. l-’ Although these methods were developed primarily for application 
to a beryllium matrix, they were intended to have much wider usage. 

It is the authors’ opinion that the determination of a trace amount of an element 
in a matrix is rarely difficult because of the particular matrix. The real difficulty is 
the presence in the matrix of unknown amounts of other elements which can interfere 
with the method to be used. A check of the analytical literature will immediately 
reveal that few indeed are the methods which have been investigated comprehensively. 
Rarely does one know which elements of all those in the periodic table interfere, and 
in what amounts. Consequently, the analyst must frequently use a method whose 
limitations are unknown, and must apply it to a sample which might contain a number 
of interfering elements. Therefore, we attempted to develop, within certain limitations, 

specific methods of analysis. Although many tests of these methods have been made, 

the most critical test made is the one here described. 
When measuring the effect of other elements in an analytical procedure, it is 

common practice to test the effect of each individual element on the determination 
of the constituent, in this case a trace element. However, “other elements” do not occur 
individually in a sample, but rather in an assorted collection of kinds and amounts. 
Furthermore, if there are II elements to be included in the investigation, there would 
be 2”-1 combinations to be tested. This assumes that all elements would be at the 
same concentration level. Because the latter situation is never true, one can easily see 
that there is an infinite number of combinations to test. In order to make a meaningful 
test of the effect of other elements, it is necessary to simplify this situation. The 
method chosen was to measure the effect, if any, of all elements added simultaneously 
at one concentration level-10 mg. 
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The effect of 71 elements was tested (72 minus the element being determined): 
aluminium, antimony(III), arsenic(III), barium, beryllium, bismuth, boron, bromine 
(as bromide), cadmium, calcium, cerium(IV), caesium, chlorine (as chloride), 
chromium(III), cobalt, copper, dysprosium, erbium, europium, fluorine (as fluoride), 
gadolinium, gallium, germanium(IV), gold, hafnium, holmium, indium, iodine 
(as iodide), iridium, iron, lanthanum, lead, lithium, lutetium, magnesium, manga- 
nese(II), mercury(II), molybdenum(VI), neodymium, nickel, niobium, palladium, phos- 
phorus (as phosphate), platinum, potassium, praseodymium, rhenium(VII), rhodium, 
rubidium, samarium, scandium, selenium, silicon (as silicate), silver, sodium, stron- 
tium, sulphur (as sulphate), tantalum, tellurium(IV), terbium, thallium(I), thorium, 
thulium, tin(II), titanium, tungsten, uranium(VI), vanadium(V), ytterbium, 
yttrium, zinc and zirconium. It should be noted that two valence states of an element 
were used for several of the tests. 

All of the above elements were added (in the valence state indicated) in every 
test, except where noted. 

The technique used to make the test was as follows. Fifty mg of each of the ele- 
ments (in solution) were added to a beaker, together with the appropriate amounts of 
acid(s) and complexing agent, if any. If precipitation or hydrolysis occurred, the 
solution was filtered and the precipitate was analysed to determine what amounts of 
what elements were not being included in the test. This analysis is given under 
AnaZysis of Residue. The filtrate was then diluted to a convenient volume and divided 
into 5 equal parts. One part was used to make an estimate of the amount of the 
element being determined which was present as a trace in the elements added. Two 
parts, labelled Bl and B2, were carried through the procedure as blanks. In order 
to confirm the fact that the absorbance of the blank was caused by the element being 
determined, the coloured solution was analysed spectrographically. Although this 
measurement may not be very accurate, it is sufficiently so to confirm the fact that 
the absorbance measured was actually caused by the element being determined. 
This spectrographic analysis is listed under Element found, spectrographic. 

The other two parts of the solution, labelled Sl and S2, were “spiked” with an 
appropriate amount of the element being determined and analysed by the method 
developed for this particular element. - 

EXPERIMENTAL* 

Determination of iron’ 

Eight hundred ml of a solution were obtained 

AND RESULTS 

containing the elements whose effect was to bc 
investigated. Titanium was added as Tim. Silicon was not added because of its tendencv to form an 
emulsi& during extraction. 

, 
Tellurium, gallium, and uranium were not added because of their known 

interference effect. The solution, 644 with respect to hydrochloric acid, containing 5 g of citric acid 
and sufTicient bromine to oxidise the iron, was divided as described and treated as follows. 

Six extractions were made with 25 ml of O.OlM tri-n-octylphosphine oxide (TOPO) in cyclohexane. 
The combined extracts were shaken with 35 ml, 35 ml and 10 ml of 3M sulnhuric acid (iron reverted 
to the aqueous phase). The sulphuric acid phase was washed 10 times with 25-ml portions of @l&f 
TOP0 in chloroform and the organic phases were discarded. Sixty ml of hydrochloric acid were 
added, and the iron was extracted with 10 ml of O.OlM TOP0 in cyclohexane. A l-ml aliquot was 
transferred to a 25-ml volumetric flask containing 15 ml of isopropyl alcohol and sutlicient hydro- 
quinone for reduction of the iron. After addition of l,lO-phenanthroline, iron was determined as 
the iron(H)-phenanthroline complex. The results are shown in Table I. 

* Because of the number of methods discussed, the reader is referred to the original publications 
for greater detail concerning reagents, procedures, etc. 
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The results indicate that accurate results will be obtained using this method if: 
(1) the amount of silicon is reduced to a level at which it will not cause emulsifica- 

tion when the TOP0 extraction is made; 
(2) sufficient initial extractions are made to remove iron; 
(3) the l,lO-phenanthroline complex solution is clear when the final absorbance 

measurement is made ; 
and (4) gallium, tellurium and uranium are below the level indicated in the 

published report. 
'TABLE I.-TEST OF IRON METHOD 

Iron, m Iron found 
Recovery (spectrographic) 

Soln. Added Found % Icg 

Bl - 66.2 - 90 
B2 - 71.7 - - 
Sl 103.5 170 98 - 
s2 1035 171 98 - 

AnaIysis of residue (on the basis of 10 mg added): 
4 mg of Hf, 2 mg of Ta, and 15 mg of Zr. 

10 mg of Ba, 

Determination of copper2 

Twelve hundred ml of a solution were obtained containing the elements whose effect was to be 
investigated. Iron was added as both Fe” and Fe II1 (50mg of each), manganese as both Mnrr 
and MnvIt (50 mg of each), and titanium as both Tit” and TiIV (50 mg of each). Chromium and 
hafnium were not added. The solution, which contained 25 g of citric acid, 25 ml of hydrochloric 
acid, 50 ml of sulphuric acid and 5 g of hydroxylamine hydrochloride (to reduce the copper), was 
neutral&d to a pH of 5.0, and divided as described. 

Copper was determined by extraction of the neocuprolne complex using the method described* 
except that the extraction was made with 25 ml of 4-methyl-2-pentanone, and the absorbance was 
measured using 2-cm cells. The results are shown in Table II under Bl and Sl. When the extracts 
were diluted in a volumetric flask (because of the varying solubility of 4-methyl-2-pentanone in the 
aqueous phase) the results were somewhat better, as shown by B2 and S2 in Table II. 

TABLE II.-TEST OF COPPER METHOD 

Copper, i47 Copper found 

sohl. 
Recovery (spectrographic) 

Added Found % #W 

Bl - 14.6 - 15 
Sl 60.9 72.2 95 - 
B2 16.5 - 15 
s2 60-9 77.4 100 

Analysis of residue (on the basis of 10 mg added): 10 mg of Ba, 4 mg 
of Au, 4 mg of Pt, 4 mg of Sr, 1.6 mg of Rh, and 1.6 mg of Pb. 

When the same experiment was performed in the presence of 10 mg each of Crrrr, 
CrvI and Hf, only 90 % recovery of the added copper was obtained, in agreement with 
the published report (lot. cit.). 

Determination of molybdenum3 

In addition to the elements whose effect was to be investigated, the solutions to be analysed 
contained the proper amounts of tartaric acid, hydrochloric acid and sulphuric acid. Barium, gold, 
and silver were not added because of the tendency of the large amount of precipitate to clog the 
separatory funnel. Palladium, platinum, rhenium, selenium and tellurium were not added because 
of their known interference effect. Molybdenum was extracted as the thiocyanate complex with 
4-methyl-2pentanone. The results are shown in Table III. 
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TABLE III.-TEST OF MOLYBDENUM METHOD 

Molybdenum, pg Molybdenum found 
Recovery, (spectrographic) 

Soln. Added Found % #W 

Bl - 5.6 - 5 
B2 5.6 5 
Sl 15 18.1 97 - 
s2 15 78.7 97 - 

Determination of cobalt4 
In addition to the elements whose effect was to be investigated, the solutions to be analysed 

contained the proper amounts of hydrochloric acid, sulphuric acid and citric acid. Iron was added 
as both FelI and Fe”’ (50 mg of each), and titanium as TiIIr and TiIv (50 mg of each). Chromium 
and manganese were not added in order to omit an ion-exchange step. 

After adjustment of the pH to 4.0, the solutions were washed several times with acetylacetone. 
Sodium thiocyanate was added and cobalt was extracted as the thiocyanate complex with acetyl- 
acetone. The results are shown in Table IV. 

TABLE IV.-TEST OF COBALT METHOD 

soln. 

Cobalt, pg Cobalt found 
Recovery, (spectrographic) 

Added Found % #W 

Bl - 5 - 4 
B2 - 5 - 4 

106 108 97 - 
106 108 97 - 

Analysis of residue (on the basis of 10 mg added): 10 mg of Ba, 
10 mg of Ag, 1.6 mg of Sr, 1.2 mg of Zr, D8 mg of Pd, and 0.8 mg 
of Rh. 

Determination of cadmium&* 
In addition to the elements whose effect was to be investigated, the solution contained the proper 

amounts of hydrochloric, sulphuric and citric acids. Iron was added as FelI1, and titanium as Ti”r. 
Cadmium was precipitated from an ammoniacal citrate solution with benzotriazole using nickel as a 
collector. After treatment of the precipitate with nitric and perchloric acids, a 10% hydrochloric 
acid solution of the residue was passed through an anion-exchange column. Cadmium, retained by 
the resin and subsequently eluted with 3M nitric acid, was finally determined by extraction from a 
strongly alkaline medium with a chloroform solution of dithizone. The results are shown in Table V. 

TABLE V.-TEST OF CADMIUM METHOD 

Soln. 

Cadmium, ,ug Cadmium found 
Recovery, (spectrographic) 

Added Found % W 

Bl - 1.1 - 1 
B2 - 1.3 - - 
Sl 3 4.2 100 
s2 5 6.0 96 - 

Determination of niobium and tantalum%* 
In addition to the elements to be investigated, the solution contained the proper amounts of 

sulphuric acid and hydrochloric acid. Titanium was not added. Niobium and tantalum were pre- 
cipitated with cupferron using zirconium as a collector. After ignition of the precipitate and fusion 
with sodium bisulphate, the fused mass was dissolved in 25% hydrochloric acid-20% hydrofluoric 
acid and added to an anion-exchange column. Niobium and tantalum were eluted from the column 
separately, and again precipitated with cupferron as before. After fusion and dissolution of the 
precipitates, niobium was determined as the hydroquinone complex and tantalum as the pyrogallol 
complex. The results are shown in Tables VIA and VIB. 

* Test made at Ledoux and Company by S. Kalhnann et al. 
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TABLE VIA.-TEST OF NIOBIUM METHOD 

1447 

Soln. 

Niobium, pg 

Added Found 

Niobium found 
Recovery, (spectrographic) 

% IW 

Bl - 142 - - 
B2 - 153 130 
Sl 700 805 94 - 
s2 1400 1490 96 - 

Analysis of residue (on the basis of 10 mg added): 10 mg of Ba, 10 mg 
of Ag, 10 mg of Sr, 10 mg of P, 2 mg of Au, 1.5 mg of Pd, 0.5 mg of 
Zr, 0.5 mg of Hf, and 0.5 mg of Pb. 

Niobium and tantalum were determined in the same solution; consequently, the 
Analysis of residue in Table VIA applies to Table VIB also. When titanium was added 
with the rest of the elements, the results were high and erratic. Titanium was not 
completely removed from the ion-exchange column, despite the fact that it does not 
interfere with the determination of niobium and tantalum when it (titanium) is added 
by itself. This is the first indication of a “synergistic effect” in any of the methods 
thus far. 

TABLE VIB.-TEST OF TANTALUM METHOD 

sohl. 

Tantalum, ,ug 

Added Found 

Tantalum found 
Recovery, (spectrographic) 

% Icg 
Bl - 43 - - 
B2 - 47 - * 
Sl 819 877 102 - 
s2 1638 1708 102 - 

a Not detected spectrographically. 

Determination of nickel’ 

In addition to the elements to be investigated, the solution contained the proper amounts of 
sulphuric acid, hydrochloric acid, and tartaric acid. Titanium was added both as TiI1* and Tilv 
(50 mg of each), and chromium was added both as Cr”I and Crvl (50 mg of each). Nickel was 
precipitated from an ammoniacal citrate solution with benzotriazole using cadmium as a collector. 
After treatment of the precipitate with nitric and perchloric acids, the residue was dissolved in a 
mixture of hydrochloric acid and isopropyl alcohol, and an anion-exchange separation was performed. 
Nickel was finally determined as the aqueous dimethylglyoxime complex. The results are shown in 
Table VII. 

TABLE VII.-TEST OF NICKEL METHOD 

Soln. 

Nickel, ,ag Nickel found 
Recovery, (spectrographic) 

Added Found % ,W 

Bl - 68.0 - 55 
B2 68.3 - 54 
Sl 100 167.5 99 - 
s2 100 166.5 98 - 

Analysis of residue (on the basis of 10 mg added): 10 mg of Ag, 10 mg 
of Au, 7.5 mg of Ba, 2.5 mg of In, @5 mg of Sr, and 2 mg of rare earths. 

DISCUSSION 

At one time it was hoped that the analyst’s shelf would some day consist of a 
reagent specific for the determination of each element. Today, this idea seems to be 
somewhat naive, although it may yet come to pass. However, the analyses presented 
here seem to indicate that specific methods can be developed. Furthermore, it is very 
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evident that these methods are practical; i.e., they can be applied to a wide variety 
of samples. The application of these methods will be the subject of a forthcoming 
paper. 

It should be of interest at this time to repeat (but not in their original order) some 
of the remarks made by Lundell.* 

. . . there is an increasing tendency to devote more and more time to determinations which 
deal with the final act of a chemical analysis, and less time to chemical analysis itself-in 
other words, to consider chemical analysis as dealing with one or two variables instead of the 
dozen or more that are often involved . . , . Of course, there is good reason for confining 
analytical discussions to determinations which involve one or two variables. A system con- 
taining ten to twenty diverse components can hardly be handled on a strictly scientific basis, 
and any handling of it requires actual experience in analysis. . . . Methods of the type 
described (methods dealing with one or two variables) are about as helpful to the analyst 
as the method for catching a bird which the old folk used to recommend to children-namely 
to sprinkle salt on its tail. To do that one obviously must have the bird in hand, and in 
that case there is no need for the salt . . . . There is no dearth of methods that are entirely 
satisfactory for the determination of elements when they occur alone. The rub comes in 
because elements never occur alone, for nature and man both frown on celibacy. Methods 
of determination must therefore be judged by their “selectiveness.” It is in this respect that 
most methods are weak and that improvements must come . . . . Because of their lack of 
selectivity, methods for the chemical analysis of things as they are do not stay put. Therein 
lies the danger of standard methods of analysis. As soon as the other group members creep 
in-for example, through changes in manufacture-the method must be changed. 

These remarks, made over thirty years ago, are still appropriate today, with, 
we think, but one exception. It has been our endeavour to develop standard methods 
of analysis (which, of course, can be replaced or improved as new advances are made). 
The results of this paper indicate that specific methods can be developed, and the 
forthcoming paper will indicate the wide applicability of such methods. 

In conclusion, it is the authors’ opinion that these analyses are unique in the field 
of chemical analysis and should arouse the interest and thoughtful speculation of 
today’s Lundells. 
Acknowledgement.-The authors gratefully acknowledge those individuals who assisted in the 
development of these methods. The authors are greatly indebted to Dr. Louis Gordon who suggested 
this particular test. 

Zusammenfasaun~-Enige ziemlich ungewiihnliche chemische Analysen 
werden beschrieben. Ein typisches Beispiel ist die Bestimmung 
weniger Mikrogramme eines Elements in einer Probe, die fast alle 
Elemente des periodischen Systems enthllt. Es handelt sich urn eine 
Losung, die je 10 mg von etwa 70 verschiedenen Elementen enthllt. 

R&tune-On dtcrit quelques analyses chimiques un peu inhabituelles. 
Un exemple typique en est le dosage de quelques microgrammes dun 
element dans un echantillon essentiellement compose des elements 
figurant dans le tableau p&iodique. Get echantillon quelque peu 
bizarre est une solution contenant 10 mg de chacun d’environ 
soixante-dix elements differents. 
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Summary_--A fire-assay procedure for determining platinum, pallad- 
ium, rhodium or iridium in the nitric acid parting solution from a 
lead button is described. Palladium is the only metal which is com- 
pletely attacked by the parting solution; traces of platinum and 
rhodium are also dissolved. The presence of copper in the lead button 
has been found to encourage the dissolution of both platinum and 
iridium in the nitric acid parting solution; rhodium remains unaffected. 
Ion-exchange and precipitation procedures for separating palladium 
from lead are also included. Efforts have been made to identify the 
source of iridium loss which is a characteristic of classical fire assay 
collections. 

FUNDAMENTALLY, there are two stages to the classical fire assay collection of the 
noble metals. The initial stage involves the accumulation by lead of the noble metals 
from the fusion flux prepared to provide the lead in situ. The result is a lead alloy 
containing the noble metals, called a button or regulus. The second stage involves 
the removal of lead from the button by volatilisation of litharge and its absorption 
by a cupel to form, finally, a silver alloy. A variation of this approach is a cupellation 
to accomplish the so-called dry assay, which is made in the absence of added silver. 
Traditionally, the formation of the silver alloy is followed by a series of wet separations 
whose character depends upon the composition of the silver collecting medium. 

In recent years, the efficiency of the recovery by the silver alloy has been examined 
critically. In the case of iridium, it has become evident that a loss may result from 
mechanical processes, partly because iridium appears as intrusions on the surface of 
the silver bead.l The same phenomenon is observed with rhodium and ruthenium, 
except that with the latter two metals the loss is relatively small. In any case, with 
these three metals, there is always a considerable risk of loss except when the metals 
are present in microgram quantities. In the case of osmium the cupellation process 
can result in a complete disintegration of the silver bead, sometimes explosively. 
Undoubtedly this is caused by the expulsion of the readily formed volatile octavalent 
oxide formed with the oxygen, which is significantly soluble in silver at cupellation 
temperatures. On the other hand, gold, platinum and palladium silver beads can 
be produced and the noble metals subsequently separated by wet methods with 
accuracy and simplicity. In addition to the probability of cupellation losses of the 
more insoluble platinum metals, the subsequent wet treatments involved in separations 
and determinations of these metals require a high order of analytical skill. 

Thus, while one must acknowledge the superiority of the cupellation process for 
the more common noble metals, one may hope for a more efficient method for the 
determination of osmium, ruthenium, iridium and rhodium immediately following 
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a collection by lead. Recent researches with these four metals have provided evidence 
that the lead collection stage of the assay provides for a complete recovery of osmium 
and ruthenium.2 Proof for this has been obtained by the use of perchloric acid, as 
a parting acid for the lead button, and simultaneously as an oxidant to form the 
octavalent oxides of both osmium and ruthenium. Information has also been pro- 
vided to indicate a satisfactory recovery of rhodium.3 

Because of the deficiencies of recovery of the more insoluble noble metals by 
cupellation to form the silver bead, and the inherent problems associated with their 
wet treatment, and because the lead alloy has proved to be an effective collector for 
the noble metals with the possible exception of iridium, it seemed profitable to 
examine the possibility of a wet analysis of the button, thus obviating the necessity 
of a cupellation. 

Any effort to provide ultimately a complete wet procedure for the determination 
of noble metals in lead-assay buttons required first a preliminary examination of the 
composition of the nitric acid parting solution. The few recorded procedures for the 
analysis of the lead button, none of which is either proved or recorded in detail, 
were based on the assumption that of the noble metals, palladium was the only metal 
simultaneously attacked by the nitric acid parting solution. The restricted classical 
procedure involves the precipitation and filtration of lead sulphate, and the removal 
of adsorbed palladium by dissolution in ammonium acetate and reprecipitation as 
the sulphate. Undoubtedly, it is this cumbersome and inaccurate method which has 
discouraged attempts to provide complete and accurate procedures for the analysis 
of the lead button. 

A direct lead-fusion method for the analysis of platinum-iridium alloys was 
developed by Gilchrist .4 By this method the button was parted with nitric acid, 
and the residue was treated with aqua regia; iridium in the residue was determined 

gravimetrically. The results obtained suggest that iridium is not attacked by the 
parting acid used, and the small observed loss is probably the result of a slight dis- 
solution of iridium in aqua regia. However, the lead button obtained by normal 
assay procedures differs from that obtained by Gilchrist in that appreciable amounts 
of copper and other base metals are often present. The influence of copper and other 

base metals on the dissolution of platinum metals by the nitric acid parting solution 
has not been recorded, although it is known that traces of copper will encourage 
the dissolution of precipitated platinum when the latter is leached with nitric acid. 

Various techniques were applied by the present authors to determine the platinum 
metals content of the nitric acid solution used to part the button. The selective 
precipitation and ion-exchange methods described below proved of limited value. 
Although acceptable separations and determinations of the palladium in the parting 
acid could be made in the presence of other platinum metals, the techniques proved 
cumbersome and inaccurate. However, it seemed reasonable that an evaporation 
of the lead-nitric acid parting solution and a subsequent roasting to form litharge, 
together with the addition of flour and the usual fluxing constituents, followed by a 
fire assay would prove to be an applicable technique. 

The fire-assay treatment described below was applied to nitric acid parting solu- 
tions derived from the dissolution of lead buttons. Initial determinations with buttons 
containing palladium, platinum, rhodium and iridium indicated that the parting acid 
contained high proportions of palladium and traces of rhodium and platinum. In 
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the case of iridium, dissolution occurred only when copper was present in the button. 
Evidence was also obtained to indicate that the presence of copper in the lead button 
encouraged the dissolution of platinum. Because copper is a natural associate of the 
platinum metals, and frequently appears in small amounts in lead-assay buttons, 
it was necessary to determine its influence on the codissolution of the platinum metals. 
Methods described below allowed for the determination of each of the four platinum 
metals in a nitric acid parting solution. In the event that the amounts of platinum, 
rhodium and iridium in the parting acid are not considered significant, and a palladium 
separation only is required, the precipitation and ion-exchange procedures described 
below may also be applied. 

Standard solutions 
EXPERIMENTAL 

Platinum: Pure platinum sponge was dissolved by aqua regia, and the nitric oxides were removed 
by repeated evaporation with hydrochloric acid. The platinum content was determined gravi- 
metrically by thiophenol. The solution contained 1.011 mg of platinum per ml. 

Palladium: Palladium chloride was dissolved in water with the addition of a little hydrochloric 
acid. Precipitation by the sodium salt of dimethylglyoxime yielded 0.994 mg of palladibm per ml. 

aodium: Sodium rhodium chloride was dissolved in water and standardised gravimetrically 
by 2-thiobarbituric acid. The solution contained 0.958 mg of rhodium per ml. 

Iridium: Ammonium chloro-iridate was dissolved in iater and stahdardised gravimetrically by 
2-mercaptobenzthiazole. The solution contained 1.042 mg of iridium per ml. 

The chemicals used were all of C.P. reagent grade. 

Apparatus 

Assay crucibles, 30-g, were supplied by A. P. Green Fire Brick Co. Ltd., Canada. The furnace 
used was a Williams and Wilson, 25 cycle-15 kV-amp. Globar type. For calorimetric measurements 
a Beckmann model B spectrophotometer was used with lO-mm glass cells. 

Procedure 

The following three fusion mixtures were used : 

A 
Litharge 12!.3 g 
Sodium carbonate 30.0 g 
Silica 21.7 g 
Flour l.Og 

B 
Litharge 
Copper oxide 
Sodium carbonate 
Silica 
Flour 

C 
Litharge 122.5 g 
Copper oxide 3.0 g 
Sodium carbonate 30.0 g 
Silica 22.7 g 
Flour l.Og 

In each case three buttons and one blank button were prepared. 
About two-thirds of the fusion mixture was transferred to a porcelain dish previously lined with an 

g-in.* Cellophane sheet. A small depression was made at the centre of the dish, and the mixture was 
salted with 5-O ml of the standard solution (1.0 ml in the case of platinum). The mixture was dried 
overnight in an air oven at 70”, then 10 g of fusion mixture were carefully transferred to a 30-g assay 
crucible previously lined with an g-in.* Cellophane sheet. The remaining fusion mixture was added 
to the material in the crucible. 

The crucible was transferred to the furnace at a temperature of about 1150”. The temperature 
was raised to 1225” over a period of 35-40 min, at which time the fusion was considered to be. 
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complete. The fused mixture was then transferred to a conical iron mould, from which a clean lead 
button was obtained on cooling. 

Assay of the slug: The slag was crushed, pulverised to a fineness of 45-mesh and mixed with 
27 g of litharge, 3 g of flour and 20 mg of silver powder. The mixture was transferred to the original 
assay crucible and assayed. The lead button obtained was cupelled to the silver bead, which was 
treated in the same manner as that obtained from the assay of the parting solution, except in the case 
of palladium. 1 

Parting of the button: The button was treated with nitric acid (1: 2 in case of palladium and 1:4 
for other metals) and parted on a hot water bath. Subsequent to the dissolution of the button, 100 ml 
of water were added and the residue was allowed to settle. The latter was filtered, washed and treated 
as described below for the individual metals. 

Treatment of the parting solution: The parting solution, including the washings, was evaporated 
to dryness on a hot water bath and the dried material was transferred to an assay crucible. The 
beaker in which the evaporation was made was washed with dilute nitric acid, and the washings 
were evaporated to dryness. This residue was also added to the assay crucible, and the mixture 
was heated for 1.5 hr in an electric furnace maintained at 750”, by which time the decomposition 
of lead nitrate to lead oxide was complete. The crucible was cooled, and the lead oxide was removed 
and weighed. Accepting this weigh’t of the lead oxide as the weight of the sample, the required 
quantity of a monosilicate flux of the type ZNa,O.SiO, was prepared and mixed with the lead oxide. 
It has been found that a monosilicate flux of this type can be used effectively for collecting platinum 
and palladium along with traces of rhodium and i&um.6 

__ 

The following typical flux composition was used: weight of lead oxide obtained = 30.1 g; 
sodium carbonate = 30.1 g; silica = 14.0 g; litharge = 27.0 g; flour = 3.0 g; silver = 20 mg. 

The fusion mixture was transferred to the same assay crucible used for the conversion of lead 
nitrate to lead oxide, and was heated at 1150” for 35-40 min. The cleaned lead button was cupelled 
at looo” to obtain a silver bead. The bead method was used here because it was expected, and later 
nroved, that, of the platinum metals, only palladium would be present in appreciable proportion; 
platinum, rhodium a&d iridium would be-present only in microgram quantities, in which case the 
silver bead method. as described earlier, could be annlied successfully. The bead was parted with 
1: 2 nitric acid, and. the residue was filtered, washed and ignited. The-ignited residue in-the case of 
platinum and palladium was dissolved in aqua regiu, and in the case of rhodium and iridium by chlori- 
nation in the presence of sodium chloride. Silver was precipitated as chloride from the tiltrate obtained 

TABLE I. RECOVERY OF PLATINUM BY LEAD FIRE ASSAY 

Platinum in 
residue Platinum Platinum Total 

Weight of from part- in parting found in platinum Platinum 
Flux button, ing acid, solution, slag, recovered, added, Recovery, 
no. 8 mg mg mg mg mR % 

A 27.6 0.918 0.034 0.003 0.955 1.011 94.6 
29.8 0.944 0.03 1 0.003 0.978 1.011 96.5 
28.0 0.939 0.029 0.008 0.976 1.011 96.5 

B 30.0 0.815 0.153 0.004 0.972 1.011 96.2 
30.2 0.801 0156 DO05 0962 1.011 95.2 
25.7 0.806 0.150 0.005 0.961 1.011 95.1 

after dissolving the silver bead; any adsorbed platinum metal was removed by dissolving the pre- 
cipitate in aqueous ammonia and reprecipitating the silver chloride. The solutions were mixed, and 
the platinum metals were determined either gravimetrically or calorimetrically as described below. 

Fire-assay recovery of platinum, palladium, rhodium and iridium 

Lead buttons were obtained after the fusion of the fluxes A, B and C, previously salted with 
standard solutions of the platinum metals, and were parted with nitric acid as described above. 

Platinum: The nartina residue containing platinum was ignited at 600” and dissolved in aqua regia. 
The oxides of nitrogen w&e removed by re@&ed evaporation with hydrochloric acid in thepresence 
of 4 drops of 2 % sodium chloride solution. Platinum was determined calorimetrically by stannous 
chloride reagent. 

The parting solution was assayed as described above, and platinum was determined in the silver 
beads calorimetrically. 
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In the absence of base metals, Hoffman and Beamish6 used a nitre method, and reported a recovery 
of 97.3 % of platinum. 

Palladium: After treatment of the parting residue with aqua regia and then with hydrochloric 
acid, palladium was determined calorimetrically by p-nitrosodiphenylamine. 

The palladium in the silver bead obtained from the parting solution was determined 
gravimetrically by the sodium salt of dimethylglyoxime, but in the silver bead obtained from the 
slag palladium was determined calorimetrically as above. 

TABLE II. RECOVERY OF PALLADIUM BY LEAD FIRE ASSAY 

Palladium in 
residue Palladium Palladium Total 

Weight of from part- in parting found in palladium Palladium 
Flux button, ing acid, solution, slag, recovered, added, Recovery, 
no. .!? mg mg mg mg mg % 

A 31.5 0.009 4.75 0.124 4883 4.97 98.2 
30.0 0.009 4.75 0.110 4.869 4.97 98.0 
30.8 0.008 4.67 0.109 4.787 4.97 96.3 

B 29.2 0.007 4.69 0.132 4.829 4.97 97.2 
27.4 0.007 4.69 0.138 4835 4.97 97.3 
28.4 0.007 4.77 0.129 4.906 4.97 98.7 

With a fusion mixture of the same silicate degree, but carrying out the analysis by a different 
method, Fraser and Beamish’ reported an average recovery of 97.4% of palladium in the absence of 
added base metals. 

Rhodium: The residue obtained after parting a lead button as described for platinum was ignited 
at 850” for 20 min. cooled, hvdrogenated for 15 min. and then chlorinated at 600” for 8 hr in the 
presence of about 50 mg of sodium chloride. Rhodium was determined gravimetrically by 2-thio- 
barbituric acid. 

Rhodium in the silver beads obtained from the parting solution and the slag was brought into a 
soluble form by chlorination as described above and then determined calorimetrically by stannous 
bromide. 

TABLE III. RECDVERY OF RHODIUM BY LEAD FIRE ASSAY 

Rhodium in 
residue Rhodium from Rhodium Total 

Weight from part- parting found in rhodium Rhodium 
Flux of button, ing acid, solution, slag, recovered, added, Recovery, 
no. R mg mg mg mg mg % 

A 31.2 3.32 0.820 0.010 4.150 4.79 86.6 
30.7 3.33 0.836 0.025 4.191 4.79 87.5 
32.6 3.57 0.740 0.015 4.325 4.79 90.3 

B 27.4 3.96 0.579 0.03 1 4.570 4.79 95.4 
30.2 3.61 0885 0.008 4.503 4.79 94.0 
29.9 3,78 0.754 0.019 4.553 4.79 95.1 

In the absence of base metals, Allen and Beamish have reported an average recovery of 96 % of 
rhodium from the synthetic lead-rhodium buttons. 

Iridium: The residue obtained from the parting acid in the case of iridium-lead buttons was 
ignited at 650” for 45 min, cooled, hydrogenated for 1 hr, and then chlorinated for 8 hr as in the case 
of rhodium. Iridium was obtained in soluble form and was determined gravimetrically by 2- 
mercaptobenzthiazole. 

The lead button obtained from the parting solution was not cupelled directly, but was treated as 
in the case of the original button. This variation was introduced because, as noted earlier, cupellation 
losses of iridium are significant if the lead button contains a large amount of iridium. The parting 
solution obtained after parting this second button was subjected to a treatment similar to that in the 
case of platinum, palladium or rhodium, e.g., the lead button was cupelled and then the iridium in 
the silver bead was determined calorimetrically by stannous bromide. 
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Barefoot and Beamish,* working with acidic fluxes, reported an average recovery of iridium of 
the order of 99%. Presumably the percentage recovery in the present instance is low because of 
the more basic fluxes used; these fluxes were used here because of their greater efficiency for platinum 
metals in general. With a mono-silicate flux, Barefoot and Beamish found a recovery of 96% of 
iridium with a 0.5-mg sample of iridium. 

Influence of copper on the dissolution of platinum metals in nitric acid 

As stated above the lead buttons obtained from a fusion of ores from the natural deposits of the 
platinum metals frequently carry traces of copper. It was observed in preliminary experiments that 

TABLE IV. RECYQVERY OF IRIDIUM BY LEAD FIRE ASSAY 

Weight of 
Flux button, 
no. g 

Iridium in Iridium 
residue from part- Iridium Total 

from part- ing solu- found in iridium Iridium 
ing acid, tion, slag, recovered, added, Recovery, 

mg mg “g mg mg % 

A 29.4 
28.9 
31.1 

B 28.5 
28.7 
302 

C 27.9 
28.6 
29.9 

4.98 nii nil 4.98 5.21 95.6 
4.97 nil nil 497 5.21 95.4 
4.97 nil nil 4.97 5.21 95.4 

3.39 1.15 nil 4.54 5.21 87.2 
3.47 l+lO nil 4.47 5.21 85.8 
4.28 0.249 nil 4.529 5.21 86.9 

2.61 1.14 nil 3.75 5.21 72.0 
2.81 1.43 nil 4.24 5.21 81.4 
2.35 1.36 nil 3.71 5.21 71.2 

the presence of copper in the lead button affects the distribution of the platinum metals between the 
parting acid and the acid insoluble. Other researches on platinum, palladium, rhodium and iridium 
clearly indicate that the total recovery of these precious metals by lead fire-assay collection is affected 
by the presence of copper in the flux or in the lead button. s,B--8 In order to determine the influence 
of copper on the extent of dissolution of the platinum metals, lead buttons were prepared to contain 
various amounts of copper. These were parted with nitric acid, and the quantity of the platinum 
metal in the parting solution was determined by the procedure described above. The results are 
recorded in Table V. 

TABLE V. INFLUENCE OF COPPER ON THE DISSOLUTION OF PLATINUM, 

PALLADIUM, RHODIUM AND IRIDIUM IN NITRIC ACID 

Amount of 
copper in 

Average quantity of noble metal found in the parting solution 

button, Platinum, Palladium, Rhodium, Iridium, 

g mg mg “?g mg 

nil 0.031 4.72 0.199 nil 
0.35 0.153 4.68 0.739 0.800 
@68 1.310 

The above results indicate that the amount of platinum and iridium in the parting solution in- 
creases with an increase of copper in the button. In preliminary experiments, it was observed also 
that if 5 mg of iridium are collected in pure copper, and the button is parted with nitric acid, the 
dissolution of iridium is practically complete. 

Losses of iridium in afire assay 

It may be noted from the above results that the recovery of iridium by the lead-collection method 
may be adversely affected by the presence of copper in the slag. Barefoot and Beamish reported that 
the recovery of iridium is low in the presence of both nickel and copper. Iron may, however, be 
tolerated. Although the sources of the loss of iridium have not been determined, it has been assumed 
that the losses occur to the slag or to the pot wall. 
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Losses to the slag 

Barefoot and Beam&h8 observed that after the initial fusion the recovery by lead from the slag 
was not efficient, even after a number of re-assays. However, a spectrographic examination of the 
monosilicate and basic slags failed to show the presence of iridium. 

In the present investigation an attempt was made to determine the losses to the slag by neutron 
activation. The procedure employed was as follows. 

Representative samples (about 60 mg each) of the ground slag were wrapped in aluminium foil 
and subjected to neutron bombardment. After the activation was complete, the hot samples were 
left for 2-3 weeks to allow the decay of radioactive sodium. The samples were transferred to plastic 
containers, the intensities were measured in the different energy channels, and were compared with 
those of the blank slag salted with known amounts of iridium (about 0.1 ,ug). No significant amount 
of iridium was found to be present in the slag. 

Losses to the pot wall 

For the fusion of the pot wall, a basic flux is required, i.e., a ratio of acid oxygen to basic oxygen 
of the order of 05. The 30-g assay crucible, in which the fire-assay collection for iridium was carried 
out by using flux (B) or (C), was crushed and puherised to a fineness of 45-mesh and mixed with 
the following flux : 

Weight of pot wall taken = 60 g 
Sodium carbonate = 6Og 
Calcium oxide = 37.5 g 
Silica = 12.5 g 
Borax = 12.5 g 
Litharge = 154.0 g 
Flour = 4.3g 
Silver = 20mg 

The assay was made at 1200” for 1.5-2 hr, producing a clear and homogeneous slag. The lead 
buttons were cupelled to obtain silver beads, which were subsequently analysed for iridium colori- 
metrically by the stannous bromide method. 

No detectable amount of iridium was recovered from the pot wall. 
A standard solution containing 1.04 mg of iridium was added to the inside walls of a new 30-g 

assay crucible, the crucible was then dried overnight in an air oven and subjected to the same treat- 
ment as above; the weight of iridium recovered was 0.177 mg. 

It would seem that the fusion process results in some incorporation of iridium with the pot wall. 
Because assay pots are essentially silicates, a basic fhtx is required for a suitable fusion. Fluxes of 
this type are ineffective for the quantitative collection of iridium.* In any case, the sources of loss 
of iridium during a fire assay have not yet been determined, although by process of elimination it is 
not unlikely that some inclusion with the pot wall does occur. 

Separation and determination of palladium in the presence of lead 

By the above assay procedure evidence was obtained to indicate the presence of large amounts 
of palladium and only traces of platinum and rhodium in the nitric acid parting solution. In general 
assay practice, and particularly in those instances where assay results are obtained for the purpose 
of indicating the commercial value of a natural deposit, the content of platinum, palladium and gold 
is of primary importance, and the small traces of platinum present in the parting solution are of 
relatively little significance. In these instances an effective method of isolating the palladium in the 
parting acid is useful. Efforts were made to provide a procedure which would avoid the necessity 
of the cumbersome lead sulphate separation. 

Zon exchange 

Recently, ion-exchange procedures for the isolation of platinum metals from large amounts of 
base metals, such as iron, copper and nickel, have been reported. 5 The methods involve theconversion 
of the six platinum metals to stable anionic halides and the base metals to a cationic form. Although 
this method could not be applied directly to lead’buttons, because of the insolubility of lead halides, 
it seemed probable that a cation exchanger could be used to remove lead selectively from the nitric 
acid parting solution. This approach was investigated by the following procedure. 

The lead button, containing only palladium, was parted with 1:2 nitric acid, and the resulting 
solution was treated with a filtered solution containing 0.5 g of the disodium salt of 1,2-diamino- 
cyclohexanetetra-acetic acid in 15-20 ml of water. The pH was adjusted to 0.5-1.0 by sodium hyd- 
roxide, and the solution was heated on a hot plate for 15-20 min to complex the palladium. After 
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cooling, the solution was passed through a cation-exchange column containing 50 W x 8 cation- 
exchange resin sufficient in quantity to adsorb approximately 30 g of lead. 
3 litres of 1M nitric acid were passed through the column slowly. 

To remove the palladium, 
Lead remained adsorbed, and was 

stripped by passing 3 litres of 3M nitric acid through the column. 
The palladium solution was evaporated almost to dryness and then transferred to a small beaker. 

The palladium complex was decomposed by treating with fuming nitric acid and hydrogen peroxide 
alternately. Finally, the palladium was dissolved by hydrochloric acid and determined gravimetrically 
by the sodium salt of dimethylglyoxime. The results are recorded in Table VI. 

TABLE VI. SEPARA~ON OF PALLADIUM FROM LEAD BY ION EXCHANGE 

Palladium added, 

mg 

9.94 
9.94 
4.97 

Palladium found, 

mg 

9.85 
9.86 
4.81 

Error, 

mg 

0.09 
0.08 
0.10 

Separation of the palladium from lead by precipitation 

Beamish and coworkers8 have reported the separation of palladium from large quantities of the 
lead by precipitating the former with salicylaldoxime after the removal of nitric acid by evaporation 
of the parting solution. In the present investigation, an attempt was made to separate palladium 
without a prior evaporation. Preliminary experiments indicated that ascorbic acid could be employed 
successfully for the gravimetric determination of palladium in an acetic acid medium, and that the 
large quantities of nitrates did not interfere. The following procedure was applied successfully for 
the separation of palladium from the parting acid. 

Following the dissolution of the lead button by nitric acid, sodium hydroxide was added to 
neutralise the solution as indicated by the appearance of a permanent precipitate, acetic acid was 
added to dissolve the precipitate and the resulting solution was warmed. After addition of O-5 g of 
ascorbic acid, the solution was heated for a few minutes, and the precipitate was allowed to settle. 
The precipitate was filtered, and the residue was washed thoroughly to remove all of the lead salts. 
The residue was dried, ignited at 600”, dissolved by aqua regia, and finally treated with hydrochloric 
acid containing a little sodium chloride. Palladium was determined gravimetrically by the sodium 
salt of dimethylglyoxime. The results are listed in Table VII. 

TABLE VII. SEPARATION OF PALLADIUM FROM LEAD BY PRECIPITATION 

Palladium added, 

mg 

9-94 
9.94 
9.94 

Palladium found, 

mg 

9.81 
9.84 
9.90 

Error, 

mg 

0.13 
0.10 
0.04 

DISCUSSION 

Irrespective of the lack of an integrated procedure for the determination of the 
seven noble metals in a lead button, there is value in a simple wet method for the 
determination of platinum, palladium, rhodium and iridium in lead buttons. By far 
the larger proportion of the world’s supply of platinum metals is derived from de- 
posits in which platinum and palladium predominate, with a minor proportion of 
the more insoluble platinum metals. The fire-assay procedure described above allows 
an acceptably quantitative recovery of the four metals from a lead button without 
the cumbersome removal of lead as the sulphate, required by the classical procedure. 

One may hope for an extension of the above procedure to include consecutive 
determinations of osmium and ruthenium. Although these metals are collected 
quantitatively by lead, the only existing method for their subsequent determination 
involves parting with perchloric acid, followed by simultaneous isolation of both 
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osmium and ruthenium as tetroxides. Unfortunately, there is no established pro- 

cedure recorded for a nitric acid parting of the lead button and the subsequent 
distillation of the octavalent oxides. It would seem reasonable that the osmium in 
the nitric parting solution could be oxidised to remove osmium quantitatively and 
selectively. However, the presence of the large amounts of lead in the parting solution 
may well vitiate this separation as a quantitative procedure. Furthermore, no pro- 
cedure has been developed for the subsequent removal of ruthenium in a lead nitrate- 
nitric acid parting medium. With the accomplishment of these separations a most 

useful assay procedure would be available. 

AcknowIec&ement-The authors wish to acknowledge the help rendered by Professor R. E. Jervis 
of the Department of Chemical Engineering of the University of Toronto in the neutron-activation 
analysis. 

Zusammenfassung-Eine Schmelzmethode wird beschrieben, bei der 
Platin, Palladium, Rhodium oder Iridium in der salpetersauren 
Scheideliisung aus dem Bleiregulus hestimmt werden. Palladium ist 
das einzige Metall, das von der Scheidekisung viillig gel&t wird; 
Spuren von Platin und Rhodium werden mit gelast. Die Anwesenheit 
von Kupfer im Bleiregulus begiinstigt die Aufliisung von Platin und 
Iridium in der Scheideliisung; Rhodium wird nicht angegriffen. 
Auch Ionenaustausch- und Ftillungsmethoden zur Palladium-Platin- 
Trennung werden heriicksichtigt. Es wurde versucht, die Ursache der 
Iridiumverluste zu ergriinden, die fiir die klassischen Schmelzprobcn 
charakteristisch sind. 

R&m&-On d&it une m&hode de fusion plomheuse pour doser le 
platine, le palladium le rhodium ou l’iridium dans la solution nitrique 
de separation obtenue % partir du bouton de plomb. Lx palladium est 
le seul m&al compl&ement attaquk par la solution de sdparation; on 
dissout aussi des traces de platine et de rhodium. On a trouvb que 
la prksence de cuivre dans le bouton de plomb favourise la dissolution 
du platine et de l’iridium dans la solution nitrique de skparation; le 
rhodium reste inattaquk On dkcrit egalement les techniques d’khange 
d’ions et de prkipitation pour &parer le palladium du plomb. On a 
fait des es&s en vue d’identifier la source de la perte en iridium, qui 
est une caractkristique des m&hodes de dosage par fusion plombeuse. 
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SHORT COMMUNICATIONS 

A new class of adsorption indicators 

{Received 13 January 1964. Accepted 20 March 1964) 

FAJANS~ fmt suggested the use of certain luminescent dyestuffs as adsorption indicators in argenti- 
metry. 
point. 

Their action is based cm the disappearance of luminescence from solution at the equivalence 
This is brought about by adsorption of the dyestuff because of a change in the surface charge 

of the precipitate. Reversal of the charge of the precipitate causes desorption of the dyestuff and 
reappearance of huninescence.a 

During investigations on the luminescence of cyanine dyes ,* 
them as adsorption indicators was carried out. 

the experiment of using some of 
For this purpose the cyanometric method* was 

chosen; 
halides. 

this can be used for the rapid determination of silver in light-sensitive precipitates of silver 
As indicator a few drops of a saturated methanolic solution of a dyestuff were used. It was 

found that some of the dyestuffs were adsorbed on a precipitate of silver iodide and showed a strong 
fluorescence when excited with an ultraviolet lamp. This was observed with l,l-dimethylbcnzoxa- 
cyanine iodide (I), l,l-dimethylbenzthiacyanine iodide (II) and many other oxacyanines and thia- 
cyanines, prepared by the method of Fischer and Hamer.S 

When using dyestuff (I) in the titration with 0402N silver nitrate solution, the addition of 1 drop 
(@OS ml) of &rant in excess causes the pr~ipitation of silver iodide and the appearance of fluorescence. 
Titration can therefore be carried out in very dilute solution. If the titration is continued past the 
end-point, the intensity of fluorescence decreases as the silver iodide precipitate increase;. This 
shows that the indicator is adsorbed on the initial Drecioitate and the lieht is scattered bv the silver 
iodide subsquently precipitated. The addition of in exdess of cyanide s&ution causes dis%olution of 
the precipitate of silver iodide and disappearance of the fluorescence. After further addition of silver 
ions the fluorescence reappears instantly as silver iodide is again precipitated. 

The fluorescence appears rapidly at the beginning of the precipitation, increases for a few set, 
then remains constant. At low concentration of indicator the fluorescence is blat-white, but with 
increasing indicator concentration there is a change towards green. Before the precipitation of silver 
iodide, the system (excited with an ultraviolet lamp) shows a violet fluorescence. 

In the determination of silver in light-sensitive precipitates of silver halides in industrial labora- 
tories, cases are sometimes encountered in which coloured or sparingly soluble compounds are also 
present. An sccurate end-point cannot then be detected because the reprecipitated silver halide is 
obscured. In the presence of a fluorescent adsorption indicator, however, an accurate determination 
becomes possible. 

The fluorescence from the adsorbed dyestuff (I) is quite selecGve. Pr~ipitation of silver bromide 
in the presence of this indicator gives a-green fluo&ence, weaker than-that with precipitates of 
silver iodide. in the case of silver chloride the precipitate shows onlv a trace of fluorescence. 

Dyestti (II) acts very slowly as a fluoresceni indi&or, apparentli because of its low solubility in 
the system under investigation. Addition of a saturated methanolic solution of the dyestuff to an 
aqueous medium brings about partial precipitation of the solid dyestuff, showing a pink fluorescence. 
If silver iodide is precipitated in this system the pink fluorescence slowly changes to an intense 
yellow-green. . . This points to a change in form of the precipitated dyestufF to a more stable state of 
aggregation m the adsorbed form. 

On filtering off silver iodide precipitated in the presence of dyestuff (I), it showed a strong 
fluorescence. The fluorescent emission curve obtained (Fig. 1) leads to the conclusion that there is a 
luminescence of the second type,@ which is to be attribut4 to the polymeric form of the dyestuff. 
Such polymers are often formed in systems of monometbinecyanine dyestuffs containing water’ 
and they are recognised by the Jelley adsorption band.8 

1459 
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Wavelength, me 

FIG. 1 .-Fluorescent emission curves: 
l-silver iodide precipitated in presence of dyestti (I) (polymeric form), 
2-filter paper stained with dyestuff (I) (monomeric form). 

It is very interesting that cyanine dyestuffs fluoresce on silver iodide particles, Le., on a carrier 
which is known to absorb very easily the excitation energy of the dyestulf adsorbed on its surface. 

A more detailed account of the above investigations will be published in due course. 

Institute of Physical Chemistry 
Capernicus ~nioersity 
Tar&, Poland 
and 
Research Laboratory 
Fatan Works 
Warsaw, Poland 
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Snnnna~--Oxacyanine and thiacyanine dyes have been found to act 
as fluorescent adsorption indicators in the cyanometric titration of 
silver halides. 

Zing-Oxacy~in- und Thi~y~arbstoffe wirken als 
fluoreszierende Ad~rptionsindikatoren bei der ~y~ometri~hen Titra- 
tion von Silberhalogeniden. 

R&mm&-On a trouve que les colorants de l’oxacyanine et de la 
thiacyanine se comportent comme indicateurs d’adsorption fluorescents 
dans le dosage cyanometrique des halog6nures d’argent. 
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Use of masking agents in chelatometric titrations-IV:* Dimercaptosuccinic acid? 

(Received 6 May 1964. Accepted 7 July 1964) 

IN continuation of our investigations on the use of mercaptans as masking agents in chelatome’tiic 
titrations, the properties of dimercaptosuccinic acid (DMS) have now been investigated. Although 
the antimony complex of DMS has been used as a chemotherapeutic agent for certain tropical dis- 
eases, the only paper which has discussed the chelating behaviour of DMS is that of Agren and 
Schwarzenbach, who investigated the chelation with 2inc.l 

DMS is a tetradentate ligand having two carboxylic acid and two mercapto groups: 

H 
I 

HS-C-COOH 

HS-C-COOH 

I 
H 

However, all of these functional groups cannot co-ordinate with the same metal ion. As might be 
expected, most DMS-metal chelates are soluble in water. Although the co-ordinating groups of 
DMS are the same as those of thioglycolic acid or B-mercaptopropionic acid, differences in the 
number of co-ordinating groups and their steric arrangement will lead to a different selectivity of 
masking in EDTA titrations. 

Reagents 
EXPERIMENTAL 

Dimercaptosuccinic acid (DMS):$ This was synthesised from acetylenedicarboxylic acid and 
thioacetic acid according to the procedure of Gerecke, Friedheim and Brossi.* As is clear from the 
structure of DMS, four modifications (d, 1, racemic and meso) are possible. However, only two of 
these (racemic and meso) have so far been known. The reported melting points for the pure isomers 
are 210-l” (meso form) and 1274” (racemic form). The material used in this experiment has a 
melting point of 195-7” and is believed to consist mostly of meso form. 

DMS is a white crystalline solid which is rather unstable and easily oxidised in the air. It has no 
objectionable odour. In the present experiments, a O.lM methanolic solution of the disodium salt 
of DMS was employed. The methanolic solution can be stored for more than a month, if it is kept in 
a refrigerator in a sealed bottle. If it is used frequently in the laboratory, however, the solution 
should be prepared each week. 

Buffer solutions: A standard composition of aqueous ammonia and ammonium chloride was 
used for pH 10 and hexamethylenetetramine for pH 6. 

Indicator solutions: Eriochrome Black T (0.5 % in methanol with an addition of hydroxylamine 
hydrochloride) and Xylenol Orange (0.1% aqueous) were used. 

Solutions of cations and EDTA were prepared in 0.01M concentration from reagent-grade 
chemicals, and their strengths determined against primary standard metallic zinc. 

Preliminary investigation 

J.II order to estimate the selectivity of masking by DMS, the following experiments were carried 
out: 

One ml of a O.OlM cation solution was diluted to 50 ml, and to this were added 1 ml of DMS 
solution and 1 ml of buffer solution. Tests were also carried out in the presence of Xylenol Orange 
or Eriochrome Black T indicator both with and without the addition of DMS. 
of the solutions were compared. 

The resulting colours 

As pointed out in a previous paper,* this test does not always suggest the possibility of masking 
in the EDTA titration of certain metals. However, it can be a useful guide in the screening test of 
masking agents. The results are shown in Table I. 

* Part III: Talanta, 1963, 10, 1195. 
t Contribution No. 50 from Department of Organic Synthesis, Faculty of Engineering, Kyusha 

University, Japan. 
z Now available from Dojindo and Co., Kumamoto, Japan, in reagent-grade form. 
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TABLE I 

With Xylenol Orange at pH 6 With Eriochrome Black T at pH 10 

Metal 
ion (1) (2) (3) 

Masking 
against 

x0 (1) (2) (3) 

Masking 
against 
Erio T 

AI 
Ca 

Cd 
co 
cuz+ 
FeSf 
Hgs+ 
Mg 
Mns+ 
Ni 
Pb 

Zn colourless red 

colourless 
colourless 

red 
- 

red 
- 

colourless yellow red 
brown ND red-violet 
yellow yellow red 
red-brown ND red 
colourless yellow red 
colourless - - 
colourless violet violet 
green ND violet 
colourless yellow violet 

no 
- 

yes 
? 

Yes 
? 

yes - 
no 
? 

yes (not 
quanti- 
tative) 

no 

colourless 
colourless 

colourless 
yellow-brown 
yellow 
red 
colourless 
colourless 
brown 
dark green 
colourless 

colourless blue red 

violet 
red-violet 

blue 
green 
blue-green 
ND 
blue-violet 
red 
green 
green 
blue 

violet 
red 
violet 
violet 
violet 
violet 
violet 
violet 
red 
violet 
violet 
red 

no 
no 

yes 
yes 
Y”,” 

no 
no 

yes 
yes 
yes 

(not quanti- 
tative) 

(1) Colour reaction observed after adding buffer and DMS to the metal ion solution. 
(2) Colour reaction observed after adding indicator to the solution in (1). 
(3) Colour reaction observed after adding buffer and indicator to the metal ion solution. 
ND : Coloration of metal-DMS complex so intense that no distinct colour of indicator can be observed. 

Titration of zinc in presence of cadmium or copper(U) 

To a mixture of 10 ml of a O.OlM solution of zinc and l-5 ml of a O.OlM solution of cadmium or 
2-6 ml of a O.OlM solution of copper( 2-4 ml of DMS solution, about 100 mg of hexamethylene- 
tetramine and a few drops of Xylenol Orange indicator solution were added. After diluting to 100 ml, 
the solution was titrated with O.OlM EDTA solution. 

Titration of magnesium in presence of various bivalent cations 

A similar procedure to that for the titration of zinc was followed, except that the pH was adjusted 
to 10 with 3 ml of ammoniacal buffer solution and Eriochrome Black T indicator was used as in- 
dicator. 

The results of the titrations are summarised in Tables II and III. 

TABLE II.-TITRATION OF ZINC AT pH6 

Zn 
taken, 

mg 

Metal O.lM DMS Zn 
present, added, found, Error, 

mg ml mg mg 

6.67 
6.67 
6.67 
6.67 

Cd 
1.12 
2.24 
3.36 
5.60 

2 6.13 +0.06 
4 6.75 fO.08 
4 6.85 +0.18 
4 6.78 -to.11 

cu 
6.67 1.27 2 6.58 -0.09 
6.67 3.18 3 6.51 -0.16 

Hg 
6.70 10.0 
6.70 20.0 

a 6.68 -0.02 
* 6.67 -0.03 

a A large excess of DMS tends to give a negative error. DMS 
solution should be added dropwise until the disappearance of the 
white precipitation which first forms. 
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TABLE III.-TITRATION OF MAGNE+SIUM AT pH 10 

Mg 
taken, 

m&? 

Metal 
present, 

mg 

O.lM DMS 
added, 

ml 

Mg 
found, 

W? 
Error, 

mg 

Pb 
2.44 10.36 7 2.44 0 
2.44 20.72 12 2.46 +0.02 

cu 
2.44 0.64 
2.44 1.27 
2.44 3.18 
2.44 6.35 

Ni 
2.44 0.59 

co 
2.44 0.59 
2.44 1.18 
2.44 

2.44 

1.77 

Cd 
11.24 

2 2.41 -0.03 

1 2.41 -0.03 
2 2.41 -0.03 
3 2.40 -0.04 

15 2.42 -0.02 

2.40 -0.04 
2.40 -0.04 
2.39 -0.05 
2.37 -0.07 

-- 

RESULTS AND DISCUSSION 

Use of DMS at pH 6 

Zinc can be titrated selectively in the presence of cadmium, if the amount of the latter does not 
exceed that of the zinc. Increasing positive errors are noted with an increasing amount of cadmium. 
These errors may be caused by indistinct colour change near the end-point, because the pure yellow 
colour is only observed slightly after the equivalence point. As to the selective titration of zinc in the 
presence of cadmium, Pfibil has proposed a method in which a selective replacement reaction of 
cadmium-EDTA complex with diethyldithiocarbamate is utilised .4 
and can be readily adapted to practical applications. 

The present method is simpler 

Copper can also be masked up to one half of the amount of zinc. In this case, however, the titra- 
tion errors tend to be negative, and the reason may be that the yellow coloration of the copper-DMS 
complex tends to give an earlier end-point with Xylenol Orange. From Table I it seems that lead can 
also be masked with DMS. However, the complex is insufficiently stable to be masked against EDTA 
titration. 

Iron(III), cobalt and nickel form coloured complexes with DMS in this pH region, and their 
colours are so intense that no distinct end-point colour change can be observed. 

Use of DMS at pH 10 

Lead, copper( nickel, cobalt and cadmium can be masked in the presence of the alkaline earth 
metals. Because lead and cadmium form colourless complexes with DMS, even large amounts of 
them can be masked efficiently. Copper(H) forms a yellow complex at pH 10, and negative errors are 
noted because of the earlier end-point. Although from Table I zinc can be masked against the in- 
dicator, the zinc-DMS complex is insufficiently stable to be masked against EDTA. Nickel and 
cobalt form dark green and brown complexes, respectively, and they must not be present in large 
amount. Iron(II1) forms a dark red complex even in the presence of triethanolamine and must, 
therefore, be absent when DMS is employed as a masking agent. 
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Snnnna~--Dimercaptosuccinic acid has been examined as a masking 
agent in EDTA titrations. At pH 6 it is possible to determine zinc in 
the presence of cadmium, copper(H) and mercury(I1). At pH 10 most 
bivalent cations except for the alkaline earth metals can be masked. 

Zusammenfassnng-Der Gebrauch von Dimercaptobemsteinsaure als 
Maskierungsmittel bei EDTA-Titrationen wurde studiert. Mit diesem 
Reagens kann Zink bei pH 6 neben Cadmium, Kupfer(I1) und Queck- 
silber(I1) bestimmt werden. Bei pH 10 k&men auljer Erdalkalien die 
meisten zweiwertigen Kationen mit diesem Reagens maskiert werden. 

RBswn&Qn a CtudiC l’acide dimercaptosuccinique en tant qu’agent 
de dissimulation dans les dosages a I’EDTA. En utilisant ce reactif 
a pH 6, on peut doser le zinc en presence de cadmium, cuivre(I1) et 
mercure(I1). A pH 10, la majeure partie des cations divalents, a 
l’exception des ions alcalino-terreux, peut etre dissimulee par ce 
riactif. 

REFERENCES 
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A specific method for the determination of trace amounts of titanium 

(Received 18 May 1964. Accepted 29 July 1964) 

WHILE attempting to devise a method for the simultaneous determination of titanium and zirconium,’ 
a specific method for determining trace amounts of the former element has been developed. Titanium 
is precipitated from a hydrochloric-sulphuric acid medium with cupferron using zirconium as a 
collector. A hydrochloric-hydrofluoric acid solution, containing the titanium and other elements 
precipitated quantitatively or partly with cupferron, is passed through a column containing Dowex- 
1 x 8 anion-exchange resin. *,* Niobium and tantalum are retained by the resin. Titanium and the 
remaining elements pass unadsorbed into the eluate, from which titanium is again precipitated 
with cupferron. Titanium is separated from tungsten and molybdenum by precipitation with sodium 
hydroxide using iron as a collector. The determination is completed calorimetrically after extraction 
of the titanium-thiocyanate complex with a solution of tri-n-octylphosphine oxide in cyclohexane.* 
The method is accurate to within 3=5x (relative) or 50.75 ,ug of titanium, whichever is greater. 

Reagents 

Hydrofluoric acid, 29M 

EXPERIMENTAL 

Hydrochloric acid, 1*2M and 12M 
Sulphuric acid, 3.6M, 6M and 18M 
25 % Hydrochloric acid-20 % hydrofluoric acid 

Filter paper, Whatman No. 40, 5.5 cm and 12.5 cm. Filter paper has been found to be the major 
cause of high blanks. If Whatman papers are unavailable, the papers to be used should be analysed 
for titanium before application of the procedure. 

Filter paper pulp. Cut Whatman 40 filter paper into small (1 cm x 1 cm) pieces and shake 
vigorously with hot water in a stoppered Erlenmeyer flask. 

Zirconium surphate solution, 1 mg of zirconium/ml 
Zron(ZZZ) chloride solution, 10 mg of iron/ml 
Cupferron solution, 6% (w/v), freshly prepared 
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for titanium before application of the procedure. 
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Cupferron solution, 6% (w/v), freshly prepared 
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Cupferron wash solution. Add 10 ml of 6% cupferron solution to 500 ml of 1*2M hydrochloric 
acid. Prenare iust before use. 

Anion-excharzge resin. Dowex 1 x 8, 100-200 mesh resin obtained from Bio-Kad Laboratories. 
Sodium hydroxide, 1% and 40% solutions 
Citric acid 
Thioglycolic (mercaptoacetic) acid, 98 % solution 
Ammonium thiocyanate 
Tri-n-octylphosphine oxide (TOPO), O.OlM in cyclohexane 
Standard titanium solution. Prepare a standard titanium solution containing 5 pg of titanium/ml 

in 6RI sulphuric acid. 

Procedure 

Dissolve the sample, preferably containing a minimum of 1.5 ,ug of titanium, and obtain it in 
150 ml of solution containing 10 ml of hydrochloric acid and 25 ml of sulphuric acid. Add 10 ml 
of zirconium sulphate solution and OS g of filter paper pulp. Cool the sample solution, the 6% 
cupferron solution and the cupferron wash solution to 10-15”. Add 15 ml of cupferron solution, or 
suflic%ent to obtain complete p~ipitation, and filter. (It is very convenient to filter through a 
6.3cm id. Biichner funnel using suction. A piece of SS-cm filter paper is first placed in the bottom 
of the funnel, then a piece of 12S-cm paper is pushed down into the funnel using a 150-ml beaker. 
Finally, with the suction on, the paper is wetted with water.) Wash the precipitate 10 times with the 
cupferron wash solution. Transfer the precipitate to a platinum crucible and ignite. Fuse the residue 
in about 2 g of sodium bisulphate. Dissolve the melt in a polyethylene beaker with 50 ml of 25 % 
hydrochloric-20% hydrofluoric acid, warming gently. Pass SO ml of the hydrochlo~c-hydroffuoric 
acid solution through the anion~xehange column (12 cm x 1 cm i.d., containing 8 cm of anion- 
exchange resin) and discard the eluate. Pass the sample solution through the column and wash 
with 50 ml of the same elutrient, collecting the eluate in a platinum dish. Add 5 ml of sulphuric acid 
and heat to fumes of sulphuric acid. Transfer the solution to a 250-ml beaker and dilute to about 
100 ml with water. Cool, add 5 ml of 12M hydrochloric acid, O-5 g of filter paper pulp and 15 ml 
of 6% cupferron solution. Filter as described and wash the precipitate 5 times with the cupferron 
wash solution. 

Ignite the precipitate in a platinum dish or crucible, cool and dissolve the residue with 10 ml of 
hydro~uoric acid. Add 2 ml of sulphuric acid and evaporate to fumes of sulphuric acid. Cool, 
add 15 ml of water and warm to dissolve the salts. Add 1 ml of the iron chloride solution and 
transfer the solution to a 50 ml centrifuge tube containing 20 ml of 40% sodium hydroxide. Mix, 
wol and centrifuge. Decant the supernatant solution, add 30 ml of 1% sodium hydroxide, mix, 
centrifuge and again discard the solution. Add 15 ml of 6M sulphuric acid to dissolve the basic 
salts and transfer with 6M sulphuric acid to a 125-ml separatory funnel. (If the sample is known to 
contain more that 15 pg of titanium, transfer the solution to a volumetric flask, dilute with 6M 
sulphuric acid, and use an aliquot containing IS pg of titanium.) 

Add st&cient 6M sulphuric acid to the separatory funnel to obtain a volume of about 35 ml. 
Add 1 g of citric acid, 1 ml of thioglycohc acid and 3 g of ammonium thiocyanate. Stopper the funnel 
and shake for 30 set to dissolve the salts. Add exactly 15 ml of O*OlM TOP0 solution, stopper the 
funnel and shake for 5 min.* Allow the layers to separate, and draw off and discard the aqueous 
layer. Wash the organic phase for 1 min with 35 ml of 6M sulphuric acid. Discard the acid wash. 
Draw the organic phase into a 1%ml glass-stoppered centrifuge tube and centrifuge the extract 
for 1 min. Measure the absorbance of the extract in a l-cm cell at 429 m,u using cyclohexane in the 
reference cell. (At this wavelength, the molar absorptivity of the wmplex is about 43,000, indicating 
an absorbance of about 0.9 for 1 ,ug of titani~/~ in l-cm cells. The extracted complex is stable, 
within experimental error, for at least 24 hr. The absorbance is a linear function of concentration, 
at least from 0 to 1 pg of titanium/ml, and obeys Lambert’s law when 1-, 2,- and S-cm cells are used.) 
Determine the titanium concentration by reference to a standard curve obtained by carrying known 
amounts of titanium in 6M sulphuric acid through the extraction steps. (It is, of course, desirable 
that one determine both a reagent blank and a recovery figure for the entire procedure.) 

No interference was caused by the presence of IO-mg amounts of Al, Sb’it, As*“, Ba, Be, Bi, B, 
Br (as Br-), Cd, Ca, Cetv, Cs, Crrrr Co, CutI, Dy, Er, Eu, F (as F-1, Gd, Ga, Ge, Au, Hf, Ho, In, 
I (as I-), Xr, Fe”‘, La, Pb, Li, Lu, Mg, Mn II, Hgxr, MO, Nd, Ni, Nb, N (as NO,-), Pdrv, P (as PG,8-), 
Pttv, K, Pr, Re, Rh, Rb, Sm, SC, Serv, Si, Ag, Na, Sr, Ta, Te iv, Tb, Tl’, Th, Tm, Snrv, W, Uvr, 
Vv, Yb, Y, Zn or Zr. 

* The extraction of titanium is discussed in considerably more detail in reference 1, 



1466 Short communications 

Procedure mod@cations 

(1) If niobium and tantalum are known to be absent in interfering amounts,’ the ion-exchange step 
may be omitted. After the initial precipitation of tit~iu~ ignite the precipitate and fuse the residue 
in a minimum amount of sodium or potassium bisulphate. Dissolve the fused mass with 15 ml of 
3.6M sulphuric acid, add 1 ml of iron chloride solution and transfer to a 50-ml centrifuge tube 
containing 20 ml of 40% sodium hydroxide. Continue with the procedure as described. 

(2) If tungsten and molybdenum are known to be absent in interfering amounts,’ the sodium 
hydroxide precipitation step may be omitted. Dissolve the first cupferron precipitate, after ignition, 
with the hydrochloric-hydrofluoric acid solution and perform the ion-exchange separation as described. 
Add 2 ml of sulphuric acid to the eluate and evaporate to fumes of sulphuric acid, Continue with the 
extraction of titanium as described. 

(3) If niobium, tantalum, molybdenum and tungsten are all absent, both the ion-exchange and 
sodium hydroxide precipitation steps can be omitted. The precipitate can be ignited, treated with 
hydrofluoric and sulphuric acids, evaporated ta fumes of sulphuric acid, and extracted. If barium, 
tin and antimony are also absent, the precipitate can be destroyed by treatment with nitric and 
perchloric acids as described in reference 1. 

~cknowle~e~e~fs-This paper is derived from work performed under the auspices of the United 
States Atomic Energy Commission Contract AT(l l-H-171. 
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Surmna~--A method is presented which is specific for the determina- 
tion of trace amounts of titanium. Titanium is precipitated with 
cupferron using zirconium as a collector. Further separation from 
interfering elements is made by anion exchange and precipitation 
with sodium hydroxide using iron as a collector. The determination 
is completed colo~met~~Ily after extraction of the tit~i~-~i~ 
cyanate complex with a solution of tri-n-octylphosphine oxide in 
cyclohexane. The method is accurate to within f5% (relative) or 
10.75 ,ug of titanium, whichever is greater. 

Zusammenfassung-Eine spezifische Methode zur Bestimmung von 
Titanspuren wird angegeben. Titan wird auf Zirkontrager mit Cup- 
ferron gefallt. Durch ~ionenaustausch und Falhmg mit Natrium- 
hydroxfd auf Eisentra er werden weitere stiirende Elemente abge- 

B trennt. Bestimmt wir Titan durch Extraktion seines Rhodanid- 
komplexes mit Tri-n-octylphosphinoxyd in Cyclohexan. Die Methode 
ist auf + 5 ‘A (relativ) oder bestenfalls +0,75 pg genau. 

R&m&-Gn pr&ente une mbthode de dosage specifique du titane a 
l&at de traces. On precipitite Ie titane au cupferron en utilisant ie 
zirconium comme agent collecteur. On pro&de ensuite a une separa- 
tion des elements inter-f&ants par exchange anionique, et precipitation 
a la soude, en utilisant le fer comme agent collecteur. On effectue le 
dosage par extraction du complexe thiocyanique du titane au moyen 
dune solution d’oxyde de tri-n-octylphosphine en cyclohexane. La 
precision de la methode est f 5 y0 en valeur relative ou &0,75 pg de 
titane. On prend la plus grande des deux erreurs. 
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Response rates of cation-sensitive glass electrodes 

(Received 30 May 1964. Accepted 7 July 1964) 

THE response-rate characteristics of cation-sensitive glass electrodes ultimately determine the 
applicability of such electrodes to dynamic concentration measurements in continuous analysis or 
kinetic studies. Several authors I,* have noted the apparently sluggish response of cation-sensitive 
glass electrodes to rapid concentration changes in aqueous solution; in a previous paper,* we also 
reported response times of the order of several minutes for the Beckman 78137 V experimental 
electrode. In the light of modem evidence” on the nature of the potential-determining mechanism of 
both pa-type and cation-sensitive glass electrodes, it seems likely that the slow response of the latter 
results from poor construction characteristics and pretreatment, rather than from any inherent slow 
steps in the response mechanism. Because considerable technical advances in the manufacture of 
cation-sensitive glass electrodes have been achieved since our previous report, the response char- 
acteristics of the newest commercially available electrode were reexamined to test this hypothesis. 

EXPERIMENTAL 

Measurements were carried out in stirred solution, using the new Beckman 39137 cationic glass 
electrode. Potentials (versus Beckman 39170 fibre-junction calomel reference electrode) were deter- 
mined with a Beckman Model 76 expanded-scale pH meter ; the electrode response was timed with a 
stopwatch. The inherent deflection time of the pH meter was found to be O-8 i Ol set per 100 
mv on the expanded scale. 

Electrode-response measurements were carried out by two procedures, employing (1) a dipping and 
(2) a dilution method. In all cases, the glass electrode was preconditioned by a 24-hr soaking in the 
appropriate reference solution. Experiments were performed at room temperature because changes 
in ambient temperature were negligible during the times involved. 

Dipping procedure: Immerse the glass-calomel electrode pair in the stirred reference solution 
and measure the equilibrium potential. Transfer the glass electrode to the test solution containing the 
metal ion in a concentration greater than, smaller than, or equal to that of the reference solution. 

TABLE I.-RESPONSE 0~ CAr10N-sx~strrv~ GLASS aLxCrx0~E 
TO CONCENTRAT’ION CHANGES 

(1) Dipping experiments 

Metal ion Solution concentrations, molesllitre Response times, set 

K+(KCl) Reference Test Reference 

0.5 t 0.5 

0.1 t f 0.1 

0.5 --f 1.0 -*-* 0.5 
0.5 -+ 0.0 --% 0.5 
0.1 --f 1.0 -& 0.1 
0.1 ---f 0.05 L* 01 
0.1 -f 0.0 Lt 0.1 

Na+(NaCl) 1.0 t + 1.0 
0.1 t f 0.1 
1.0 -f 0.1 _f_, 
1.0 --f 0.0 LF 

1.0 
1.0 

0.1 ----f 1.0 --t--t 0.1 
0.1 -f 0.02’ 0.1 

1.6 

1.5 

1.6 
2.5 
3.1 

2.3 
2.6 
1.6 
1.6 
2.4 
2.5 
3.1 
2.3 

(2) Dilution experiments 
- 

Metal ion Solution concentrations, moles/Iitre Response times, set 

K+(KCl) l.O-& 0.5 
1.0 t 

2.9 
0.5 

0.1 -% 
3.9 

0.05 3.1 

7 
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After 30 set return the glass electrode to the reference solution and measure the time, t, required for 
the indicated potential to return to within f05 mv of the equilibrium value. 

Dilution procedure: With the glass-calomel electrode pair in the stirred reference solution and at 
equilibrium, rapidly add an equal volume of distilled water to the cell and measure the time, t, required 
for the indicated potential to come within 105 mv of the expected value (determined by prior 
equilibrium measurements in solutions of appropriate concentration). 

RESULTS AND DISCUSSION 

The results of the dipping and dilution experiments are given in the Table I. The reported response 
times are, in each case, the mean of at least 4 measurements, and have an experimental uncertainty 
of about @2 sec. In the dilution experiments, an added uncertainty may result from the difficulty 
of effectively mixing two solutions of appreciable volume (50 ml) within a fraction of a second. 

The response rates determined are considerably faster than those observed with the earlier types 
of cation-sensitive electrodes, and approach the response. limitations of the usual potentiometric 
measurement systems. As expected, electrode recovery times increase as the ionic environment is 
changed more and more drastically, but response times are compatible with the requirements of 
continuous analyses or kinetic studies where concentrations may change rapidly over moderate 
ranges. The results suggest that first-order reactions with rate constants as large as 0.4 se@ could be 
effectively monitored using the cation-sensitive glass electrode. 

Acknowledgemerrt-The financial support of NIH Grant GM-10086 is gratefully acknowledged. 
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University of Pennsylvania 
Philadelphia, Pennsylvania 19104, U.S.A. 

Summary-A reevaluation of the response of cation-sensitive glass 
electrodes to rapid concentration changes indicates typical response 
times in the 1540 se-c range and suggests that such electrodes might 
be used for continuous analyses or for reaction rate studies. 

Zusammenfassung_Eine Neubestimmung des Ansprechens kation- 
enemptindlicher Glaselektroden auf schnelle Konzentrationsiinderun- 
gen zeigt typische Ansprechzeiten in der Gegend urn 1,5-4,0 Sekunden. 
Demnach bieten sich solche Elektroden zu kontinuierlichen Analysen 
oder zur Untersuchung von Reaktionsgeschwindigkeiten an. 

Rt%mn&-Une nouvelle &valuation de la reponse des electrodes de 
verre catio-sensibles aux variations rapides de concentration montre 
des temps de reponse caracteristiques entre 1,5 et 4 secondes, et suggere 
que de telles electrodes peuvent &re employees pour des analyses en 
continu ou des etudes de vitesse de reaction. 
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LETTER TO THE EDITOR 

The international nature of Talanta 

SIR, 

The ever increasing amount of scientific research has resulted in a constant rise in the number of 
journals available for its publication. One of the newer journals is T&n&, and on its cover is printed 
“An International Journal of Analytical Chemistry”. It would be interesting to know if this dec- 
laration is really justified. Is it possible for you to provide data concerning the numbers of papers 
from different countries which have been published in Tulunta? 

Laboratory of Analytical Chemistry 
Polarographic Institute 
Czechoslovak Academy of Sciences 
Praha 1, Jilskd 16, Czechoslovakia. 
5 June 1964 

R. P&IBIL 

Dear Dr. P&BIL, 

I hope that you will find the information for which you have asked in the Table overleaf. 

CECIL L. WILSON (Editor-in-Chief) 

1469 
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CONTRI~~UTI~NS* TO THE FIRST 10 voLuMsst OF TALANTA 

Country 

Australia 
Austria 
Belgium 
Brazil 
Bulgaria 
Canada 
Czechoslovakia 
Finland 
France 
German Democratic Republic 
German Federal Republic 
Hungary 
India 
Ireland 
Israel 
Italy 
Japan 
Netherlands 
Pakistan 
Poland 
Portugal 
Rumania 
South Africa 
Spain 
Sweden 
Turkey 
United Kingdom 
U.S.A. 
U.S.S.R. 
Yugoslavia 

Contributions per volume 

Countries per volume 

Pages per volume 416 404 378 298 294 276 322 916 1076 1306 

- 

-- 

-- 

Volume 

1 2 3 4 5 6 7 8 9 10 

Contributions 

-------- - 1 
- 1 I--- 12 4 6 

1 3 l---- 3 3 2 
3 l- 1-_-_ 2_ 

-------- 2 1 
12332311 2 6 
3 2 5 3 6 - - 19 12 24 

-1-l 
---- 2-- 4 11 
_ 1------ 11 
- 1 1---_ l-- 

84843-36 333 
3 l- 3 2- 2 9 7 12 

-_------ 1 - 
l--- 2- 12 14 

-- l--l l- 
-3 1 5 4 5 - - 3 9 8 
------- 1 1 2 

- 1 
- 3- 12- 11 2 4 
------- 2-- 

- l- 3 1- 1 
-------- l- 

1---___ l- 1 
- 2 4--- 1- 1 

-------- 1 1 
15 16 15 9 7- 3 28 51 30 
15 34 20 15 17 39 27 40 43 59 

------- 6 6 1 
- l-- 

54 71 61 47 50 42 42 134 154 201 

11 13 10 10 12 2 9 22 21 23 

i 

_ 

Contributions 

per 
country 

1 
15 
13 
7 

2;: 
74 

2 
8 
3 
3 

72 
39 

1 
11 
3 

39 
4 
1 

14 
2 
6 
1 
3 
8 
2 

174 
309 

13 
1 

856 

* These include preliminary communications, short communications and letters. 
i Monthly publication began with Volume 8. 
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INFLUENCE OF FOAM TEMPERATURES IN BOILING 
SOLUTIONS ON EBULLIOMETRIC MEASUREMENTS 

C. HEITLER 
Department of Applied Chemistry, Northampton College of Advanced Technology 

St. John Street, London E.C.1, England 

(Received 2 March 1964. Accepted 25 May 1964) 

Summary-The foam, in a boiling solution, is concentrated by the 
transport of adsorbed solute on the bubble surfaces. The excess of 
boiling temperature in the foam over that in the bulk can be predicted 
by a mass transport equation involving the total bubble surface pro- 
duced in unit time. The surface tension variation was measured in 
terms of the average bubble diameters in the foam at each concentra- 
tion. If d and c are the bubble diameters and bulk concentration, 
respectively, the excess of boiling temperature is given by 

dT=(B(t<d;) +.dd,dc)(&;) 

where do is the bubble diameter in the pure solvent and B is a constant. 
This is an equation relating excess concentration in the foam with rate 
of change of surface tension and the area of bubble surface. Direct 
measurements of the difference between bulk and foam concentrations 
indicate a linear relation between them. The assumption that the 
solutes associate in the surface provides a theoretical basis for the 
above equation, and for the apparent departure of the adsorption 
from the Gibbs’ equation. 

A NUMBER of authors have reported that extrapolations of ebulliometric measure- 
ments do not always pass through the origin of the temperature axis.lP3 Smith1 
suggested that adsorption of solute on the bubble surfaces and its concentration in 
the foam would account for the positive deviations he observed with solutions of 
polythene. He measured the foam concentrations and found an excess over that in 
the bulk. Dimbatt and Stross4 suggested that there was a similar explanation for 
the increase in ‘boiling noise’ they observed with polymer solutions. 

The present author arrived at similar conclusions following measurements of 
boiling temperature elevations in ethanolic solutions of triglycerides.5 The plots of 
elevation z’ersus concentration were decidedly non-linear (see Fig. 1, for example). 
These curves in ethanol are complicated by association of the solutes. However, all 
are inflected and, although exhibiting a subsequent curvature, have some concen- 
tration range in which the elevations are appreciably greater than is predicted by 
theory. When ethanolysis was induced by the addition of ethoxide,5 the ethyl esters 
which were formed produced elevations which could be calculated by the Beckmann 
equation from the weight of triglyceride added, indicating that the ethyl esters were 
behaving normally under the same conditions. Similarly inflected curves were 
observed in ether, cyclohexane, carbon tetrachloride and acetone (Figs. 2 and 5). 
Other solutes were found, to varying extents, to behave in the same manner, although 
the deviations were in the main not large (Fig. 3). 
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a 60- 

Molarity in bulk solution 

FIG. I.-Glyceryl tripalmitate elevations in ethanol: 

-- curve found in practice, 
- - - line predicted by theory, 

3 &elevation after adding sodium ethoxide. 

Molonty I” bulk soIuhon,l c 

FIG. 2.-Equivalent molar excess elevations for glyceryl tribenzoate in different solvents: 

Et = ethanol, CT = carbon tetrachloride, 
A = acetone, C = cyclohexane, E = ether. 

It was noticed that the magnitude of the excess elevation was related to the 
concentration at which foaming began. Also, in general, the higher the molecular 
weight of the solute the greater was the discrepancy. Preliminary attempts were 
made to measure the surface tension changes by the maximum bubble pressure 
method. These gave indications that the discrepancies were a function of the initial 
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rate of change of surface tension with concentration. Measurements of the average 
bubble diameters with a cathetometer indicated that these were proportional to the 
bubble pressure measurements. In any given solvent the bubble diameters tended to 
almost the same minimum for all solutes, and the curves extrapolated back to the 
same diameter for the pure solvent (Fig. 6). These observations were sufficient to 

Molarity m bulk solution 

FIG. 3.-Elevations in pure acetone with the following solutes: 
benzophenone, benzoyl acetone, o-bromonitrobenzene, naphthalene, 

tri-n-butylphosphate, triacetone dialcohol. 

demonstrate that the excess elevations produced by different solutes were independent 
of the bubble diameters but bore some relation to their rate of change with 
concentration. 

The decision was taken to employ acetone as solvent for a number of solutes 
with widely differing foaming capacities. Acetone was chosen because it was known 
to have little tendency to encourage association and to lead to curves with a long 
linear region after the inflection. 3 Boiling temperature measurements were made of 
solutions in pure acetone and in acetone containing 1% of polydiethylene adipate 
(molecular weight ca. 3000: hereafter referred to as PDA). The latter foamed freely 
with a bubble diameter of 2.3 mm. It was expected that the additive would keep the 
surface tension constant for all but the most surface active solutes. The bubble 
diameters at each concentration were measured on high speed photographs. 

DISCUSSION AND THEORETICAL TREATMENT 
OF EXPERIMENTAL RESULTS 

The experiments in acetone confirmed the qualitative relationships noted above. 
With three exceptions, the curves of boiling temperature elevation (AT) uer,su~ 

concentration (c) could be divided into three sections. AT approached the theo- 
retical line closely at the lowest concentrations; this was followed by an intermediate 
region in which the curve was inflected upwards, and finally by a linear section 
approximately parallel to, but displaced above the theoretical line (Fig. 5). For 
many of the solutes the inflection was small enough to have been ignored for practical 
purposes, or ascribed to experimental error. 



1474 C. HEITLEK 

70 - 

60 -- 

50 - 

. . 

E 
.; 40 

. . 

? . . . 
n : 

5 30- . . 
0 

. . . . 

20 ~ . . 
.. . . . 

*: . 

IO- 
.-.. 

. ** 
J. .* 

. e I -’ I I 
0 0 05 0 10 0 15 0 20 

hlolorlty in bulk solution 

FIG. 4.-Elevations in acetone plus 1% of PDA with the following solutes: 
benzophenone, benzoyl acetone, o-bromonitrobenzene, naphthalene, tri- 

n-butylphosphate, triacetone dialcohol, aspirin, glyceryl tribenzoate. 
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Fig. 5.-Excess elevations in pure acetone: 
GTS = glyceryl tristearate, BP = benzophenone, GTB = glyceryl tribenzoate, 

N = naphthalene, ASP = aspirin, BNB = o-bromonitrobenzene, 
BA = benzoyl acetone. 

All of the solutes foamed in sufficiently concentrated solution and d, the bubble 
diameter, tended to a limiting value. The curves of d against c could be extrapolated 
back to the zero of the concentration axis and giving the same limiting value at 
infinite dilution (Fig. 6). The bubbles of vapour rising to the surface of the liquid 
were produced on a small area of tungsten wire projecting into the base of the 
ebulliometer.3 Presumably, they were generated at a constant number of asperities 
on the tungsten surface. The wire may be regarded as a group of minute orifices 



Gycetyl tribenzoate 

0.018 0.034 0.042 0*052 Motarity 5058 

Aspirin 

0.122 Molartty 0.160 

Benzophenone 

0,056 0.083 0.180 Moioriiy 0.228 

0.134 Molarity 0.153 

0.046 0,300 Molarcty 0.398. 

FIG. 6o.-Photographs of the bubbling m boiling acetone produced by various solutes at 
different concentrations. 
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through which vapour was pumped into the liquid. The heat input, which was 
maintained constant throughout the series of experiments, generated a constant 
volume of vapour in unit time (at atmospheric pressure). Bubbles detached them- 
selves from the wire when they had achieved sufficient buoyancy. Thus, they all 
enclosed a similar volume of superheated vapour. The pressure within the bubbles 
when they left the wire was, however, governed by the surface tension of the solution. 
As they rose and attained equilibrium with the surrounding solution, their diameters 
in the short-lived foam on the surface became proportional to the surface tension. 

I - 

I I I I I 
0 0 05 0.1 O-15 02 

Molority in bulk solution 

FIG. &-Bubble diameters in pure acetone: 
TADA = triacetone dialcohol, 

BA = benzoyl acetone, 
BP = benzophenone, 

BNB = o-bromonitrobenzene, 
ASP = aspirin, 

N = naphthalene, 
GTB = glyceryl tribenzoate, 
GTS = glyceryl tristearate. 

Calculations. If Vis the volume of vapour brought to the surface by the bubbles 
in unit time and n the number of bubbles containing this volume, then 

Y = &md3 

and the total surface of these bubbles is 

so that 
S = md2, 

6V/d = S. 

The total surface transported through the solution changes with concentration from 
6V/d, at c = 0 to 6V/d at con~ntration c. Thus, the increase in the amount of 
solute transported on the bubble surfaces will be 

ASf(c) = B(l/d - l/d&f(c) (1) 

where f(e) is equal to the concentration of adsorbed solute per unit area of the bubble 
surface. f(c) was found to be constant beyond the inflection in the curves and 
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FIG. ‘I.-Glyceryl tristearate in pure acetone: 
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proportional to ddldc. When the constant B was put equal to O-08, the final linear 
C+O 

section of the curve was corrected to within the experimental error by deducting 

from the observed AT. 
0.08 dd/dc( 1 /d - 1 /do) (2) 

In the concentration range which included the inflection, the relative errors in 

AT pass through a maximum, and for glyceryl tristearate, glyceryl tribenzoate and 
aspirin, a maximum remained after applying the above correction (Figs. 7-9). In 
these graphs (AT - Kc)/& is plotted against c, where K is the ebulliometric constant, 
so that Kc is the theoretically expected elevation. Small errors in AT are accentuated 
at low concentration in these plots, and they illustrate the magnitude of the errors 

I 
0.2 - 

I 

0.1 L-m II m 

0.02 0.06 O-10 0.14 0.18 

Molority in bulk solution, c 

FIG. 9.-Aspirin in pure acetone: 

dT 
I. Kc; . 

II 6T - 0.08 dd/dc 
Lo) (C); 

III. 6T - (0.08 (d;‘$) + @OSd:dc ) (a - -$) . 

KC 

in molecular weight determinations that can result from the phenomena under 
discussion. 

The fact that the excess elevation, 6T = AT - Kc, is almost constant and 
proportional to dd/dc after the inflection, suggests that in the linear region adsorption 

Cd0 

was taking place onto aggregates or thick layers of adsorbed solute in the surface. 
According to Gibbs’ equation? 

c, - cb = (c,IRT) dyldc 

where c, is the concentration in the surface and cb that in the bulk; y, the surface 
tension, is proportional to d. It would appear from the above that the appropriate 
value of C~ to employ in the equation is that of the aggregates in the bulk solution 
which, if not zero, is at least always very small. Although the Gibbs’ equation only 
strictly applies to equilibrium conditions, the adsorption here is assumed to be 
proportional to that at equilibrium. 

Until thick layers supervene there will be areas of free solvent-vapour interface 
available for the adsorption of single molecules of solute, the surface becoming 
completely covered at concentrations beyond the inflection. Hence, a physical 
interpretation of the decrease of dy/dc with c in this region may be that in these cases 
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dy/dc is proportional to the free solvent surface available for the adsorption of 
solute. If S, is the available solvent-vapour interface at each concentration, then the 
rate at which solute monomers enter the surface will be proportional to cSf and 
also to dy/dc. Hence 

c, - c,, (monomers) = bcS, = w. dyldc = a ddldc (3) 

where b, a and tc are constants of proportionality. Combination with equation (2) 
and writing 6T for the excess elevation gives 

The right-hand side of this equation is plotted against 6T in Fig. 10, the constant B 
having the value 0.08 and a = 0.05 when d is in cm and c in moles per litre. The 
excess elevations observed with glyceryl tristearate, glyceryl tribenzoate, aspirin, 
naphthalene, benzophenone and o-nitrobromobenzene were all predicted by this 
equation. The coefficient of correlation between the corrections and errors plotted 
in Fig. 10 is 0.975. In Fig. 11, 6T is plotted against c for the above six solutes and 
for comparison the corrected points are plotted on the same figure; the standard 
deviation of the residual error was f0.002”. 

Of the other solutes examined, 6T was within the experimental error (&O.OOl”) 
for benzoyl acetone and tri-n-butylphosphate up to 0.2M. The latter solute 
produced no persistent bubbles in this concentration range. 

Triacetone dialcohol exhibited no inflection of the AT L’ersus c curve, but the 
slope was 1% greater than theory predicted and this error was only partially 
corrected by equation (4). There was no error in the presence of PDA (see below), 
which implied that it was caused by adsorption. bT for this solute was approximately 
proportional to cAS ddldc, in agreement with the Gibbs’ equation. 

The curve of d z)ersus s for p-dichlorobenzene was very shallow so that negligible 
adsorption would be expected, and the close agreement between the boiling point 
curves in pure acetone and in the presence of PDA supported this view. The 
molecular weight found was 153, instead of 147, and it appeared that the solute was 
associating. However, when the molecular weight in ether, acetone and ethanol are 
compared (see Table II), it is seen that they increase with the boiling point of the 
solvent rather than bearing any relation with its polarity. It is the author’s opinion 
that the discrepancies arise from the volatility of this solute. 

Boiling temperatures in acetone containing PDA 

The curves in 1% PDA solutions generally included the origin to within the 
experimental error (Fig. 4). No point in the AT versus c curve was more than 0.002” 
displaced from a straight line up to a concentration of O*lM, except for the solutes 
glyceryl tristearate and tribenzoate. These latter still gave rise to a reduced maximum 

in AT/KC at the same concentration as in pure acetone. 
An interesting result was observed when tri-n-butylphosphate was examined in 

this solution. The curve was linear and intercepted the origin, but the slope was 6 % 
too high. The solute, which did not produce foam, in pure acetone, was adsorbed by 
the surface in the presence of PDA (Fig. 12). 

A further series of measurements was carried out on six natural triglycerides in 
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FIG. IO.-Error versus correction for acetone solutions of the following solutes: 
benzophenone, o-bromonitrobenzene, naphthalene, aspirin, glyceryl tribenzoate, 

glyceryl tristearate. 

I I 
0.10 0.15 

Molarity in bulk solution 

I 
O-20 

FIG. 11 .-AT - K, uncorrected (upper figure) and AT - (K, + correction) (lower 
figure) with the following solutes: benzophenone, o-bromonitrobenzene, naphthalene, 

aspirin, glyceryl tribenzoate, glyceryl tristearate. 

acetone containing 2 % of PDA. At this concentration the PDA completely suppressed 
the inflection and good agreement was obtained between the average molecular 
weights, calculated from the saponification equivalents and acid values, and those 
derived by ebulliometry (Table I). 

It may be concluded that when the surface is saturated by an additive (preferably 
of high molecular weight), the phenomena observed in the pure solvent are suppressed. 

Other solz~ents. The general occurrence of the errors from adsorption in the foam 
affects the choice of a suitable solvent for each class of solute. It may be impossible 
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FIG. 12.-Elevations for tri-n-butyl phosphate: 

X-in 10 ml of acetone, O-in 10 ml of acetone containing 1% of PDA. 

The full line is the one predicted by theory. 

to reconcile the requirements of good solubility, absence of association and low 
adsorption. There is danger in extrapolating from the behaviour of low molecular 
weight materials; these can be measured at low weight concentrations. Surface 
phenomena are generally proportional to weight rather than molar concentration. 

The ebulliometric constant, of benzene for example, apparently varies with the 

TABLE I-MOLECULAR WEIGHTS OF TRIGLYCERIDES IN ACETONE PLUS 2% OF 

PDA (MOLECULAR WEIGHT ca. 3000). THE CALCULATED WEIGHTS WERE OBTAINED 
FROM THE SAPONIFICATIOU EQUIVALENTS AND CORRECTED FOR FREE ACIDITY 

Molecular weight 

Calculated Found 

Cacao butter 851 845 

Illipe butter 830 845 

Hardened palm kernel oil 679 674 

Coberine 867 854 

Cacao shell butter 873 864 

Extracoa 678 680 

molecular weight when measurements are made on triglycerides. Taking K for 
naphthalene as unity, it is altered to 1.41 for diethylene glycol distearate (molecular 
weight 620) and to 1.50 for cacao butter (851). The ‘constant’ for diethylene glycol 
distearate was in good agreement with that obtained for palm kernel oil (679) and 
extracoa (678), while that found for cacao butter agreed with the remaining fats in 
Table II, which have molecular weights of the same order. No doubt both association 
and adsorption contributed to these results, but they indicate the caution to be 
exercised in drawing conclusions from ebulliometric measurements. 
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TABLE III.-MOLECULAR WEIGHTS IN ETHER. 
THE CORRECTED MOLECULAR WEIGHTS WERE OBTAINED BY DEDUCTING 3 

FROM THE ELEVATION (IN a) AT @OSh'f 

dd/dc , 
e--n 

~172. Iitre mole-l 

Molecular weight 
-_ _~__ 

Expected Observed Corrected 

Glyceryl tripalmitate 17.0 807 694 795 

Glycetyl tribenzoate 8.0 404 378 408 

o-Bromonitrobenzene 5.3 202 194 201 

Very similar results were obtained when measurements were made of the molecular 
weights of a number of polydiethylene adipates. The constant in ethanol was 
approximately 1.25 that found for naphthalene, 5 despite a long linear region displaced 
only 0.008” above the origin. In acetone ‘K’ was found to be very nearly proportional 
to the square root of the molecular weight of these esters as determined by end- 
group assay. 

Values of dd/dc were measured in ether for o-bromonitrobenzene, tripalmitin 
Cd0 

and glyceryl tribenzoate employing a cathetometer. These measurements were not 
as precise as those obtainable by photography and could not be extended reliably to 
the smaller bubbles, which formed more than one layer on the surface. The initial 
rate of change was found to be approximately proportional to the maximum error, 

s 

Bulk concentrofion, M 

FIG. 13.-Direct measurements of foam concentration in acetone solution : 
m-aspirin, A-glyceryl tristearate, @-glyceryl tribenzoate, O-glyceryl tripalmitate. 

i.e., 6T = B dd/dc, and when this correction was applied to the molecular weights 
1nax C+O 

at 0.0544 the weights were in good agreement with the expected values (Table III). 
Maximum bubble pressure measurements in ethanol gave a more direct determi- 

nation of dyldc. These measurements too, could not be extended to higher concen- 
c-o 

trations in the boiling solvent. Errors arising from adsorption of the solute on the 
inside of the capillary, variations in density of the solution and alterations of the mean 
depth of the liquid with increased foaming, became serious in all but the most dilute 

solutions. It was not possible to extrapolate from solutions below the boiling 
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temperature because of the lower solubility of the solutes. Comparison of solutions 
of tristearin, tripalmitin and glyceryl tribenzoate showed that dd/dc was closely 

C+O 

proportional to dyldc. Association of the solutes precluded any attempt to correlate 
C+O 

these figures with 6T. 
max 

Direct measurement of di$erence in concentration offoam and bulk 

Gubbins has made measurements of foam concentrations using a specially designed 
flask.’ He found that the solutes glyceryl tribenzoate, glyceryl tristearate, glyceryl 
tripalmitate and aspirin were all concentrated in the foam. The excess was 
found to increase with concentration throughout the range investigated. This result 
supports the view that these solutes are associated in the surface. On (Fig. 13) is 

Thermistor 2 Thermistor I 1000 a 
n 

heli ot 

Decade box 

Ry&__# 
Decade box 

100KtoOI~ IOOKta 0 Ia 

0 

Amplifier Galvanometer’ 
recorder 

I 

IOOK 100 K 
w 

30K 
vvv 

IK 
vvv 

FIG. 14.-Ebulliometer circuit diagram. 

plotted the relative excess against concentration for the four compounds. Because 
the flask was much larger and a different heating rate was applied these results 
cannot be compared directly with those reported above. 

CONCLUSION 

It is commonly assumed that measurements which depend upon the colligative 
properties of solutions provide the most accurate results at the greatest dilutions. 
In particular, it has been the general belief that, provided the temperature changes 
could be assessed with sufficient accuracy, the most accurate result would be achieved 
at very low concentrations. This view presupposes that the only source of error, 
apart from superheating, is a simple departure from ideality. The work presented 
here indicates that the most accurate measurements of molecular weight are to be 
made at some intermediate concentration. The normal practice of finding the slope 
of the linear region of the AT versus c curve, although the line may not intercept the 
origin, is shown to have a theoretical as well as a pragmatic justification. 
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Copper rod- 

Smdonyo support 

eoting element 

FIG. 15.-Section through heating block. 

I cm 

FIG. 15a.-Upper face of heating block. 

Measuring circuit 
EXPERIMENTAL 

The elevations were measured in a commercially available ebulliometer of the author’s design 
which has been described elsewhere .3 A second ebulliometer, containing a 2% solution of PDA 
in acetone, was employed to compensate for barometric changes. * The thermistors from both cells 
were connected in opposite arms of a Wheatstone bridge circuit (Fig. 14). 

The circuit was such that the total resistance of the thermistor can be kept constant by adding 
resistances in series. A precision decade box was used for this purpose, having six decades and a 
total range of 0.1 Q to 111,111 R. Thus, changes in the thermistor resistance could be measured 
without altering the bridge ratios or affecting the sensitivity of the detecting instrument. 

The IOO-KCJ rheostat in series with the accumulators was set so that the current through the 
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thermistors was about 0.2 mA. The out-of-balance current from the bridge was amplified and 
recorded on a Honeywell-Brown recording amplifier, and the sensitivity was such that 1 division on 
the recording chart (2.8 mm) corresponded fairly closely to an 0.01“ change in the thermistor resist- 
ance. The sensitivity, in G per division, was tested frequently by switching 100 Cl into decade box 1. 

In this series of experiments all of the elevations were measured in terms of chart divisions or 
resistance, so that it was not necessary to have an exact temperature calibration for the thermistor. 

t 20 Minutes Start 1 

FIG. 16.-Trace of temperature versus time for boiling pure acetone. 

Heating system (Fig. 15) 
This was designed to provide good control over the boiling rate. Three 25-w miniature soldering 

iron elements were clamped into three grooves milled symmetrically round a 0.75-inch copper rod. 
The milling was continued, with decreasing depth towards the top, so that the upper face presented 
the appearance of Fig. 15a. The rod and elements were assembled inside the copper retaining tube. 
The device thus provided three channels up which hot air passed to flow round the ebulliometer, 
reducing heat losses from the main body of the flask. The tungsten wire projecting from the flask 
fitted into the hole in the top of the copper rod. 

TABLE IV 

K 
divs./mole X 10-l . Iitre-’ 

No. of 
observations 

0.03-0.06M acetone pure 
0.03@06M acetone + PDA 
Gradients in acetone pure 
Gradients in acetone + PDA 

23.16 rt 0.15 11 
23.20 & 0.2 10 
23.24 + 0.4 9 
23.02 i 035 9 

Boiling temperature of pure solvent 

Fig. 16 is a facsimile of a record of the boiling temperature versus time for pure acetone. It is 
seen to have a constant baseline onto which a number of sharp peaks are superimposed. The peaks 
arise from splashes of superheated solvent reaching the thermistor, and if the detector were over- 
damped the average reading would have been too high. The boiling temperature zero was determined 
by taking the average of the minima in the baseline over the last inch of the chart (which ran at 
300 set per inch) before the first addition of solute. These minima varied by 0.1 division about their 
mean. The peaks were always reduced in the presence of solute, and for most solutes were completely 
absent at a low concentration. 

Calculation of ebulliometer constant 

For the five solutes naphthalene, triacetone dialcohol, benzoyl acetone, o-bromonitrobenzene and 
tri-n-butylphosphate, either no inflection was observed or it occurred at concentrations >006M. 

MAT 
K was therefore taken as the average, for the above solutes, of w (where M is the molecular 

weight) between 0.03 and @06M, in pure acetone. A similar average was calculated for the PDA 
solutions, and from the gradients in both the presence of PDA and beyond the inflections in pure 
acetone. These averages are set out in Table IV. 

The gradients of all solutes except p-dichlorobenzene were included in the average. 
It was decided to accept 23.2 f 0.2 as K. For the above five solutes the standard deviations of 

the temperature measurement of a single observation was *O.l chart division up to 0.05M. There 
was no reason to expect that this source of experimental uncertainty was greater at higher elevations. 

Measurement of bubble diameters 

The bubble ebulliometer is drawn full scale in (Fig. 17). It is a flattened version of the standard 
ebulliometer, with a similar pump, but no thermistor cavity. The pump tube ends 3 mm below the 
surface when the cell contains 10 ml of solvent. 
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The photographs were taken with a 35-mm single lens reflex camera fitted with extension tubes 
to provide unit magnification on the negative. Illumination was provided by a half-charged elec- 
tronic flash unit (output cu. 20 joules), with a flash duration of 1O-S sec. The camera aperture was set 
at f22 and the cell illuminated at right-angles to the camera line-of-sight, with the flash 16 inch away. 
This was found to be the most ethcient arrangement for delineating the bubble contours. There 
was little attenuation of the light across the cell. 

Three techniques for obtaining the average bubble diameters were examined: (a) Outlining a 
magnified image of all of the bubbles in a photograph on mm graph paper and finding the total 

areaA,thend==,,/: (not,/; , because the bubbles distort in contact with each other 
) 

. (b) Out- 

lining a number of individual bubbles, measuring the longest and shortest diameters of each bubble 
and finally taking the average. (c) Measuring the average radius of curvature of the upper surfaces 
of the top layer of bubbles from the outlines of lo-fold magnified images. 

There was no significant difference between the three methods, which generally agreed among 
themselves to within 0.2 mm. (a) was the preferred method, (c) being particularly tedious and 

- - 

- 

- 

n 

t 
FIG. 17.-Bubble cell front view (left), side view (right). 

Purification of materials 

All of the solutes were purified by repeated recrystallisation from the solvent in which the measure- 
ments were to be made. This procedure could not be applied to tri-n-butylphosphate which was 
reprecipitated thrice from acetone by adding water. It was finally dissolved in acetone, the solution 
dried with Hi-Drite* and the acetone evaporated under reduced pressure. These procedures were 
adopted to ensure, so far as possible, that the only volatile impurity was the ebullioscopic 
solvent. 

The glyceryl tristearate was free from acidity and had a saponification equivalent of 296, corre- 
sponding to a molecular weight of 888 (pure tristearin would be 891). 

The acetone was purified bv shaking first with a 30 “/. solution of sodium hvdroxide, then addine 
a 1 ok solution of siker nitrate and shaking further .’ The acetone, now free from aldehyde, wa’; 
redistilled, rejecting the first and last 25 ‘A. This distillate was dried over Hi-Drite and redistilled. 

A granule of Hi-Drite (about 0.25 g) was introduced into the ebulliometer with the solvent in 
order to maintain a very low and constant moisture content. 

* Hi-Drite Ltd., 17 New Bond Street, London, England. 
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Zusammenfassrmg-Der Schaum einer siedenden Losung wird durch 
Transport adsorbierten gel&ten Stoffes in die Blasenoberlllchen 
konzentriert. Die Differenz der Siedetemperaturen von Schaum und 
Hauptmenge kann durch eine Massentransportgleichung berechnet 
werden, in der die pro Zeiteinheit gebildete Blasenoberlllche vorkommt. 
Als Ma13 fur die Anderung der Oberflachenspannung wurde der 
mittlere Blasendurchmesser bei der jeweiligen Konzentration genom- 
men. Sind d und c Blasendurchmesser und Konzentration der Haupt- 
merge und die Differenz der Siedetemperaturen von Schaum und 
Hauptmerge Br, dann ist 

hier ist d0 der Blasendurchmesser im reinen Losungsmittel und B 
eine Konstante. Diese.Gleichung setzt den Konzentrationstlberschul3 
im Schaum mit der Anderung der Obertllchenspannung und der 
Blasenobertllche in Beziehung. Direkte Messungen der Konzentra- 
tionsdifferenz zwischen Hauptmenge und Schaum weisen auf einem 
linearen Zusammenang hin. Die Annahme, daB sich die gel&ten 
Molekiile an der Oberflache anreichern, liefert eine theoretische 
Grundlage fur obige Gleichung und fiir die offenbare Abweichung 
der Adsorption von der Gibbsschen Gleichung. 

Resume-Dans une solution en Cbullition, la mousse est plus concen- 
tree, par le transport du corps dissous adsorb& sur les ‘surfaces des 
bulles. L’tlevation de la temotrature d’ebullition de la mousse oar 
rapport a celle de la masse du ll?quide peut &tre privue par une equation 
de transport de masse mettant en jeu la surface totale des bulles 
produites dans l’unite de temps. La variation de tension superficielle 
a BtC mesuree en fonction du diametre moyen des bulles dans la mousse 
a chaque concentration. Si d et c sont respectivement le diametre des 
bulles et la concentration de la masse du liquide, l’elevation de la 
temperature d’ebulliton de la mousse par rapport a celle de la masse 
du liquide est don&e par 

,,=(,(,,,,)+.dd,dc] (;-a) 

oti do est diametre en solvant pur et B une constante. C’est une 
equation reliant l’exces de concentration dans la mousse a la vitesse de 
variation de la tension superlicielle et a l’aire de la surface des bulles. 
Des mesures directes de la difference entre les concentrations de la 
masse du Iiquide et de la mousse montrent entre elles une relation 
lineaire. L’hypothtse selon laquelle le corps dissous s’associe sur la 
surface apporte une base theorique a l’equation ci-dessus, et au fait 
que l’adsorption s’ecarte apparement de l’equation de Gibbs. 
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Summary-The suitability of ammonium hexanitratocerate (IV) as an 
oxidimetric reagent for the determination of hydrazine and isonicotinic 
acid hydrazide has been investigated. Conditions for a rapid titration 
at room temperature both with a potentiometric and visual end-point 
have been developed. Under the conditions prescribed the combined 
nitrogen in both hydrazine and isonicotinic acid hydrazide is stoichio- 
metrically liberated as gaseous nitrogen, unlike other cerimetric 
methods currently available. 

BENRATH and Rulandl studied the reaction of hydrazine with an excess of cerium(IV) 
sulphate in a sulphuric acid medium and reported a yield of 11.22 % of nitrogen and 
12.88 % of ammonia. However, the following stoichiometric reaction 

N,H,+ + Ce4+ ---f 0*5N, + NH,+ + Ce3f + H+ (1) 

requires 10*77’% of nitrogen and 13.09 % of ammonia to be formed. From a con- 
sideration of these results and in view of the relatively low speed of the reaction, 
Benrath and Ruland concluded that hydrazine cannot be determined by direct 
titration with cerium(IV) sulphate. 

Recently, Krishna Rao, Subramanyam and Gopala Rao2 reported that the 
electrometric titration of hydrazine with cerium(IV) sulphate is possible at 50-60” using 
manganese(I1) salt as catalyst. They stated that the experimental values for hydrazine 
agree with the theoretical after they are multiplied by a factor of O-985, assuming that 
the reaction proceeds according to equation (1). 

Jilek and BrandStetr3 have carried out a direct titration of hydrazine at 80-90” 
in 4.5M sulphuric acid or 3*75M hydrochloric acid in the presence of potassium 
bromide with cerium(IV) sulphate and either a visual end-point (using the azo dyes 
Victoria Rubin and Naphthol Blue Black 10B as irreversible indicators) or a potentio- 
metric end-point. Under these conditions the results are about 0.8 % lower than the 
theoretical as evident from their original paper, assuming the reaction to proceed 
according to the equation 

N,HS+ + 4Ce4+ -+ N, + 4Ce3+ + 5H+ 

Bapat and Sharma4 titrated hydrazine with cerium(IW sulphate z$a bromide to an 
amperometric “dead-stop” end-point in a 2*5-3.OM hydrochloric acid medium 
containing 2-3 g of potassium bromide/100 ml, at room temperature, and reported 
stoichiometric results. In titrations of hydrazine sulphate with cerium(IV) sulphate 

* Part III: Tulunlu, 1964, 11, 955. 
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under the conditions prescribed by Bapat and Sharma with a potentiometric “dead 
stop” end-point or with a conventional potentiometric end-point, we obtained results 
which were about 2 % lower than the theoretical. Evidently, the presence of bromide 

alters the course of the reaction from equation (1) to equation (2). It is interesting 
that the bromate method of Kurtenacker and Wagner5 also involves the oxidation 
of hydrazine completely to nitrogen. The bromate method is stated to be the best 
available titrimetric procedure for standardisation of hydrazine solutions, and we 
have confirmed its accuracy using analytical reagent grade hydrazine sulphate. In a 
recent review on the use of hydrazine and its derivatives as reductometric reagents, 

Berka, Vulterin and Z$ka6 stated that “the reaction between cerium(IV) and hydrazine 
is not quantitative and depends upon the nature of the medium.” 

In view of the consistently low results obtained by us during the titration of 
hydrazine sulphate with cerium(IV) sulphate under the conditions prescribed either by 
Bapat and Sharma or by Jilek and BrandStetr, we have investigated the cause of the 
low results. This has been traced to the presence of sulphate ion introduced through 
the cerium(lV) sulphate solution and that arising from hydrazine sulphate; the exact 

effect of the sulphate has not been elucidated. To eliminate sulphate ion completely 
from the system we have worked with ammonium-hexanitratocerate(IV) in place of 
cerium(IV) sulphate and hydrazine dihydrochloride in place of hydrazine sulphate. It 
has been found that a rapid and accurate titration of hydrazine can be made in a 
hydrochloric acid medium with a solution of ammonium hexanitratocerate(IV) at 
room temperature, using potassium bromide as catalyst, either to a potentiometric 
end-point or to a visual end-point with a-naphthoflavone or p-ethoxychrysoi’dine as 
internal indicator. 

The details of our investigation are presented in this paper. 

Reagents 
EXPERIMENTAL 

O.lM Ammonium hexanitratocerate(ZV) solution. Prepared and standardised according to the 
procedure described in Part I’ of this series. 

0.025M Hydrazine dihydrochloride solution. The sample employed in this investigation was sup- 
plied by E. Merck, Darmstadt, Germany. It was twice recrystallised from aqueous alcohol (50 % v/v) 
and dried at 110”. The melting point of the product was 198” as against a value of 198-199” reported 
in the literature,” thus confirming the purity of the recrystallised material. An approximately 0.025M 
aqueous solution of this material was prepared and standardised according to the 
bromate method of Kurtenacker and Wagner.6 

0.025Mlsonicotinic acidhydrazide (isoniazid)solution. Prepared from a sample, labelled “U.S.P.” 
and supplied by Albert David (Private) Limited, Calcutta, India, by recrystallising twice from water. 
The 0.025M solution was standardised against potassium dichromate by the method recommended 
by Vulterin and Zyka.s 

0.2% Ethanolic solution of wnaphthojavone. Prepared from an E. Merck “guaranteed reagent” 
quality sample. 

0.17; Aqueous solution of’p-ethoxychrysoidine. Prepared by dissolvingp-ethoxychrysoldine hydro- 
chloride supplied by E. Merck in doubly-distilled water. 

Concentrated hydrochloric acid. Analytical reagent grade material (sp. gr. 1.18), supplied by 
Basynth Chemicals (Private) Ltd., Calcutta, India, was used. 

All other reagents employed were of guaranteed reagent quality. 

Apparatus 

The potentiometric titration assembly employed in this investigation consists of a Junior potenti- 
ometer (W. G. Pye & Co., England), a ‘taut suspension galvanometer (Cambridge Instrument Co., 
England), a saturated calomel electrode as reference electrode and a bright platinum rod (ca. 0.2 mm 
diameter) as an indicator electrode. The salt bridge consists of an inverted “U” tube with porous 
plate ends filled with a saturated solution of potassium chloride. 
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Potentiometric Titration of Hydrazine 

The reaction between hydrazine sulphate and cerium(IV) sulphate was found to be very slow at 
room temperature in a 05M sulphuric acid medium as evidenced by the slow disappearance of the 
yellow colour of the cerate ion. During the early stages of the titration, when a drop of cerium(IV) 
sulphate is added to 50 ml of a solution of O.lM hydrazine sulphate in 0.5M sulphuric acid, it takes 
about 3 min for the yellow colour to disappear and about 10 min towards the close of the titration. If 
the 05M sutphuric acid is replaced by l-O&f hydrochloric acid the time required for the disappearance 
of the yellow colour of the cerate ion is about l-2 min in the early stages and 5 min towards the end. 
We have, therefore, avoided even the small concentration of sulphate ion introduced by cerium(IV) 
sulphate and hydrazine sulphate by using ammonium hexanitratocerate(IV) in place of cerium(LV) 
sulphate and hydrazine dihydrochloride in place of hydrazine sulphate. Even under these conditions 
the reaction was observed to be somewhat slow as the basis of a quick titration. Increasing the con- 
centration of hydrochloric acid or the temperature did not bring about any improvement. Hence, 
we attempted the use of potassium bromide as a catalyst. 

Effkci of varying the concentration of potassium bromide 

5-O ml of hydrazine d~y~~hloride solution (0.03 14OM) in a 1%ml Pyrex beaker were acidified 
with 5 ml of concentrated hydr~hloric acid and varying volumes of 4M potassium bromide solution 
were added, followed by dilution to 60 ml. The reaction mixture was then titrated potentiometrically, 
using the assembly described above, with a solution of ammonium hexanitratocerate(IV) (0.1178M). 
The time taken for the disappearance of the yellow colour of the cerate ion or the time taken for the 
attainment of stable potentials after the addition of each portion of cerate solution was found to 
decrease with increasing concentration of potassium bromide. For example, the time taken for the 
attainment of stable potentials is about 40 set and 25 set when the concentration of potassium 
bromide is O.lM and O%%f, respectively. 

Moreover, when the titration of hydrazine dihydrochloride is carried out in a 1.O.M hydrochloric 
acid medium, titres lower than the theoretical are obtained when the over-all bromide concentration 
is lower than 0.5&f. The results also show that the experimental titre increases as the over-all con- 
centration of potassium bromide is increased from 0.1 to O-5M, reaching the theoretical value within 
the limits 0.5 to 2eOM. The titre shows a slight decrease when the over-all concentration of potassium 
bromide is increased above 2*OM. 

Effect of varying the hydrochloric acid concentration 

A number of titrations have been carried out varying the concentration of hydrochloric acid 
but maintaining the concentration of potassium bromide constant at l.OM. When the concentration 
of hydrochloric acid lies between 1-O and 3,OM, the potentials attain stable values in about 30 set 
after the addition of each portion of cerate solution, except near the equivalence point when about 1 
min is necessary. 

As the concentration of hydrochloric acid is decreased below 1,OM the time required for attain- 
ment of stable potentials increases and the titre is also less than the theoretical value (5.26 ml), being 
5.14 ml and 5.20 ml in O.lOM and 0.25M acid. When the concentration of hydrochloric acid is 
4.OM the experimental titre again becomes lower than the theoretical. 

An accurate and satisfactory potentiometric titration of hydrazine dihydrochloride with ammonium 
hexanitratocerate(IV) at room temperature is, therefore, only possible in a 1+3.0&f hydrochloric 
acid medium containing potassium bromide at an over-all concentration of 0.5 to 2.0&f. 

From 2.5 to 10 ml of about Ob025M hydrazine dihydr~hloride solution (8-27-5 mg of the salt) 
are taken in a 150-ml Pyrex beaker and treated with 5 ml of concentrated hydrochloric acid and 15 ml 
of 4M potassium bromide solution. The mixture is then diluted with water to 60 ml and titrated 
potentiometrically withO.lMammonium hexanitratocerate(IV)solution. The potentialsare measured 
1 min after the addition of each portion of the cerate solution. The break in potential at the equivalence 
point is 140-170 mV/O*Ol ml of O.lM cerate solution. A typical E-V curve is given in Fig. 1. 

Titrations of more dilute solutions of hydrazine dihydrochloride (0.0025M) have been carried out 
with about O.OlM cerate solution and the break in potential remains unaltered. Typical results, 
presented in Table I, show that the method now proposed gives values for the assay of hydrazine 
in agreement with those obtained by the bromate method .& 
assuming the bromate results to be exact. 

The average error is about 0.2 “/relative), 

Potentiometric Titration of Isonicotinic Acid Hydrazide 
A survey of the existing literature has shown that so far cerium(IV) salts have not been employed 

for the direct titrimetric determination of isonicotinic acid hydrazide either at room temperature or at 
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elevated temperatures. Vulterin and Z$ka* state that the reaction between isonicotinic acid hydrazide 
and cerium(IV) depends to a large measure on the pH of the solution, but under no conditions does 
reaction proceed stoichiometrically. We have now found that isonicotinic acid hydrazide can be 
rapidIy titrated to a potentiometric end-point with a~onium hex~itrat~rate(IV) at room tempera- 
ture under the same conditions as recommended above for hydrazine. Fig. 2 is a representative 
E-V curve of such titrations. The reaction may be represented by the equation: 

C6HpNCONHNH2 + 4Ce4+ + l&O + 4Ces+ + C6H4NCOOH + N, + 4H+ 

62C 

P 

I 
3000 I I I I I I I 

0.6 I.60 240 3.20 4-O 4.60 5.60 6-40 

Ammonium hexaniirotocerote ml, mL 

FIG. 1 .-Potentiometric titration of hydrazine dihydr~chloride 
(16.33 mg) with ammonium hexanitratocerate(IV). 

Typical results on the assay of isonicotinic acid hydrazide are given in Table II, which show that 
the average error is @3%(relative), assuming the values obtained by the dichromate method to be 
exact. 

Visual Titration of Hydrazine and Isonicotinic Acid Hydrazide 

Having established conditions for a rapid potentiometric titration of hydrazine and isonicotinic 
acid hydrazide with ammonium hexanitratocerate(IV) at room temperature, we have attempted the 
use of visual indicators in these titrations with a view to providing a simple and rapid method for 
routine analysis. The use of the azo dyes Methyl Orange, Naphthol Blue Black 10B and Brilliant 
Ponceau 5R, both at room temperature and at elevated temperatures, has been investigated. In 
titrations at room temperature these dyes give a premature end-point, being irreversibly destroyed by 
the cerate solution. At higher temperatures (70-90”) Methyl Orange and Naphthol Blue Black can 
function as indicators provided the dye is added repeatedly, but this technique requires an appreciable 
indicator correction. Obviously, a procedure requiring high temperatures and repeated addition 
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Hydrazine dihydrochloride, ng 

Bromate method5 
Proposed cerimetric 

method 

0.7896 0,7898 
1.740 1.733 
2.659 2.659 
6.918 6.877 

13.17 13.18 
19.78 19.80 
25.87 25.92 
27.52 27.5 I 
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FIG. 2-Potentiometric titration of isonicotinic acid hydrazide (16.87 mg) 
with ammonium hexanitratocerate(IV). 
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TABLE II-ASSAY OF ISONICOTINIC ACID HYDRAZIDE 

Isonicotinic acid hydrazide, mg 

Dichromate methods 
Proposed cerimetric 

method 

1.104 1.108 
4.832 4.848 
9.664 9.696 

19.60 19.66 
24.98 25.15 
28.24 28.24 
32.03 32.09 

of indicator is inconvenient. Moreover, the indicator undergoes oxidation irreversibly. However, 
a-naphthoflavone and p-ethoxychrysoldine give an excellent indication of the end-point in titrations 
of 0.025M solutions of hydrazine and isonicotinic acid hydrazide with O.lM solutions of ammonium 
hexanitratocerate(IV) at room temperature in a medium containing an over-all concentration 
of l.OM hydrochloric acid and 0.5-2.OM potassium bromide. In titrations of O+lO25M solutions of 
hydrazine and isonicotinic acid hydrazide with a O.OlM solution of cerate, p-ethoxychryso’idine 
fails to give a sharp indication of the end-point, although cl-naphthoflavone still works satisfactorily. 

Laszlovskyi” has already reported the use of both of these indicators in the titration of hydrazine 
and isonicotinic acid hydrazide with potassium bromate in the presence of potassium bromide. 
p-Ethoxychrysoldine has been used as an indicator by WojahG for the bromometric determination of 
isonicotinic acid hydrazide and by Schulek and Burgerr for the titrimetric determination of hydrazine 
and its derivatives with bromine monochloride. 

DomleolB used the same indicator for the titrimetric determination of isonicotinic acid hydrazide 
with 0.05M potassium iodate in about 7.2M hydrochloric acid at room temperature, the indicator 
being added after the addition of 90% of the iodate solution. Thereafter, the titration is continued 
slowly. When the indicator colour changes from scarlet to orange, the iodate was added drop by drop 
at an interval of 30 set for each drop until the liquid turns from orange to yellow. A blank determina- 
tion is also carried out. 

Recommendedprocedure with u-naphthojavone as indicator 

To a test solution, containing 0.8-25 mg of hydrazine dihydrochloride or 1.1-32 mg of isonicotinic 
acid hydrazide, taken in a lOO-ml Erlenmeyer flask, 5 ml of concentrated hydrochloric acid and 15 ml 
of 4M potassium bromide solution are added and the mixture diluted to 60 ml. 0.2 ml of 0.1% 
ethanolic cr-naphthoflavone is then added to the mixture, which assumes, on shaking, a pale greemsh- 
yellow opalescence. On titrating the mixture with a O.lM or O.OlM ammonium hexanitratocerate- 
(IV) solution, the indicator coagulates as a greenish-yellow compound. After the equivalence point it 
turns orange-red on the addition of a slight excess (0.02 ml) of the cerate solution. The indicator 
is reversible. Under these conditions the indicator correction is 0.02 ml of O.lM ammonium 
hexanitratocerate(IV) solution, which has to be subtracted from the total titre. Some typical results 
of determinations of hydrazine and isonicotinic acid hydrazide carried out in this way are presented 
in Table III, which indicate that the average error of such determinations is about 0,25%(relative) 
in the case of hydrazine and 0.45 %(relative) in the case of isonicotinic acid hydrazide. 

When the contents of the titration flask are stirred by shaking by hand, the coagulated indicator 
distributes itself throughout the titration mixture. If a magnetic paddle is used for stirring, however, 
the coagulated indicator collects on a small area of the surface. As the cerate solution is added 
this floating patch of the greenish-yellow compound momentarily assumes an orange-red colour, but 
soon reverts to the greenish-yellow hue. This change of colour continues until the equivalence point 
is reached, then, with a slight excess of the cerate solution, the floating patch assumes an orange-red 
colour which is stable for over 12 hr. 

Recommendedprocedure with p-ethoxychrysoidine as indicator 

To the test solution, containing 7-25 mg of hydrazine dihydrochloride or 8.432 mg of isonicotinic 
acid hydrazide, taken in a IOO-ml Erlenmeyer flask, 5 ml of concentrated hydrochloric acid and 15 ml 
of 4M potassium bromide solution are added and the mixture diluted to 60 ml. When 0.1 ml of 0.1 “/r, 
aqueousp-ethoxychrysoldine is added to the mixture, it imparts a yellow colour to it. On the addition 
of @lM ammonium hexanitratocerate(IV) solution, the colour changes to a light orange-red, which 
remains so throughout the titration until the end-point is reached when it changes to a pale yellow. 
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As the colour transition is somewhat slow, it is necessary to wait for about 15 set at the end-point. 
Under these conditions the indicator correction is 0.04 ml of 0.1 M cerate solution, which has to be 
subtracted from the total titre. Some typical results are presented in Table IV: the error averages 
0.15 %(relative) in the case of hydrazine and 0.2 %(relative) in the case of isonicotinic acid hydrazide. 

Blank experiments have shown that in the absence of potassium bromide the indicator is irrever- 
sibly oxidised to a pale yellow compound on the addition of the first few drops of the cerate solution. 
Evidently, bromide greatly accelerates the reaction between the intermediate orange-red oxidation 
product of the dye and the reductant. 

TABLE III.-TITRIMETRIC DETERMINATION OF HYDRAZINE AND ISONICOTINIC ACID 
HYDRAZIDE USING VISUAL INDICATOR 

a-Naphthoflavone 

Hydrazine Isonicotinic 
dihydrochloride, acid hydrazine, 

mg mg 

p-Ethoxychrysoldine 

Hydrazine Isonicotinic 
dihydrochloride, acid hydrazine, 

w m8 

Taken Found Taken Found Taken Found Taken Found 

0.8432 0.8392 1.104 1.102 7.003 7.017 8.374 8.409 
1.740 1.736 4.768 4.802 12.71 12.72 9.664 9.696 
5.714 5.714 8.371 8.409 17.22 17.20 15.78 15.79 

14.42 14.40 14.61 14.55 19.82 19.79 18.48 18.50 
2226 22.20 22.11 22.15 22.98 22.93 21.85 21.83 
25.20 25.11 31.16 30.95 25.31 25.34 32.46 32.48 

Removal of sulphate interference 

Because of the interference of sulphate the new methods are inapplicable to the direct assay of 
hydrazine sulphate, a commonly encountered form of hydrazine. Hydrazine sulphate can be converted 
to the chloride by treating a hot aqueous solution of the former, containing dilute hydrochloric acid, 
with an excess of barium chloride and filtering off the precipitated barium sulphate. 
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Zusammenfassung-Die Eignung von Ammoniumhexanitratocerat (IV) 
als oxydimetrisches Reagens bei der Bestimmung von Hydrazin und 
lsonicotinslurehydrazid wurde untersucht. Die Bedingungen fiir eine 
schnelle Titration bei Zimmertemperatur, sowohl mit potentio- 
metrischer als such mit visueller Endpunktsanzeige, wurden ermittelt. 
Unter den angegebenen Bedingungen wird der Hydrazinstickstoff in 
Hydrazin und in Isoniazid stijchiometrisch als gasfiirmiger Stickstoff 
freigesetzt, im Unterschied zu den bisher iiblichen Ceratverfahren. 

Rbsum&-On a Ctudik la valeur de l’hexanitrato&ate (IV) d’ammonium 
en tant que rkactif oxydimttrique pour le dosage de l’hydrazine et de 
I’hydrazide de I’acide isonicotinique. On a mis au point les conditions 
d’un dosage rapide g tempkrature ambiante, avec dCtection potentio- 
mttrique ou visuelle du point de virage. Dans les conditions d&rites, 
l’azote combine, tant de I’hydrazine que de I’isoniazide, est lib&i 
stoechiom&riquement B l’Ctat d’azote gazeux, contrairement B ce qui 
a lieu avec les autres mtthodes ceriques c&iques couramment utilistes. 
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Summary-A method of precipitation from homogeneous solution has 
been developed for the gravimetric determination of titanium, by 
thermal decomposition of soluble peroxytitanate from either an alka- 
line or a slightly nitric acid medium. Recoveries are better than 
99.6%. Coprecipitation of tungsten and manganese are reduced to 
a considerable extent. Furthermore, tantalum and niobium can be 
precipitated with highly satisfactory recoveries from a homogeneous 
nitric acid-hydrogen peroxide solution. Coprecipitation of titanium 
is investigated and corrections for coprecipitation calculated. The 
earth acids can also be precipitated from a homogeneous ammonia- 
hydrogen peroxide solution, the coprecipitation of tungsten being 
almost negligible. A study of the coprecipitation process of tungsten on 
tantalum and niobium shows that the distribution coefficients follow 
a linear pattern on both carriers. The method has been tested on a 
number of synthetic mixtures of the oxides, corrections for incomplete 
precipitation and coprecipitation being applied on the basis of the 
experimental values. 

INTRODUCTION 

THE gravimetric determination of titanium, tantalum and niobium in highly alloyed 
steels or in minerals and ores has always presented a rather difficult problem. The 
separation of the earth acids from tungsten and titanium requires particular attention 
because they tend to follow niobium and tantalum throughout the normal course 
of the analysis and appear in the final mixed oxide residue. The best method for 
separating the earth acids from large amounts of tungsten is probably Bedford’s 
magnesia pr0cess.l However, LeliaerP recently showed that the precipitation of 
niobium is incomplete and that tungsten is coprecipitated to a considerable extent. 
The earth acids can be separated from titanium by Schoeller’s classical separation3 
in which the oxalates are decomposed with calcium chloride in the presence of 
sodium salicylate and the earth acids precipitated as salicylate complexes together 
with calcium oxalate. The titanium-salicylate complex is soluble, but it coprecipi- 
tates. As already shown in a previous paper,4 tungsten can be successfully determined 
by precipitation from a homogeneous nitric acid-hydrogen peroxide solution. The 
same procedure is readily adaptable to the determination of titanium and the earth 
acids.s Radioactive tracer techniques were used to develop the proposed method. 

EXPERIMENTAL 
Radio-isotopes 

Tantalum. , lszTa 
in the BRl reactor. 

,!I, y-emitter, half-life f 111 day, produced by irradiation of tantalum pentoxide 

* This work is part of the research sponsored by “Het Interuniversitair Instituut voor Kern- 
wetenschappen”. 
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Niobium. sSNb, P,y-emitter, half-life & 35.5 day, obtained from The Radiochemical Centre, 
Amersham, England. 

Tungsten. le7W, p,ll-emitter, half-life 24 hr, produced by irradiation of tungsten trioxide in 
the BR-1 reactor. 

Manganese. 6’Mn, y-emitter, half-life 324 day, obtained from The Radiochemical Centre, 
Amersham, England. 

Apparatus 
Counting techniques. Integral y-counting was used for each isotope using a well-type NaI(TI) 

detector. 
Spectrophotometer. Beckman D.U. or D.K.-I spectrophotometer with 1.000~cm Corex cuvettes. 

Precipitation of Titanium from Homogeneous Solution 

Fuse the dioxide with potassium bisulphate and extract the cold melt with a hot 3% solution 
of hydrogen peroxide to give a clear solution of the soluble peroxytitanate. Adding potassium 
hydroxide and dilute aqueous ammonia to bring the solution to pH 8. Heat the solution at 70” for 
6 hr, after which the precipitation is complete. During the heating, the excess of hydrogen peroxide 
and the peroxytitanate are decomposed, causing a precipitation of metatitanic acid from a 
homogeneous solution. 

The homogeneous precipitation can also be realised from a slightly acid medium. 
Preliminary experiments on the precipitation of tungsten and titanium showed that 
optimum results were obtained in a nitric acid medium, the solution being acidified 
to pH 2.5. The decomposition in an acid medium proceeds slowly, heating for 6 hr 
at 85” being required for complete precipitation. 

In all experiments the amount of titanium left in solution was determined 
spectrophotometrically as the peroxide. The results are summarised in Table I. 

TABLE I.-COMPLETENESS OF THE TITANIUM PRECIPITATION 

Titanium taken, 
nrg Ti/60 ml 

Titanium left in solution, “/,” 
_____~ -__ _______ 
NH&OH-H,Oz HN03-H,02(pH 25) 

120.3 
90.2 
60.3 
30.4 
15.1 
9.0” 

a Average of 2 experiments. 

0.06 0.05 
0.08 0.20 
0.14 0.37 
0.16 0.02 
0.27 0.11 

0.10 

From Table I precipitation of titanium from homogeneous solution gives highly 
satisfactory titanium recoveries from both ammoniacal and slightly acid media. At 
all titanium concentrations investigated, the recovery is better than 99*6:4. 

Coprecipitation of tungsten and manganese 

It is well known that tungstate coprecipitates with metatitanic acid. The precipi- 
tation of titanium from a homogeneous slightly alkaline medium offers the possibility 
of considerably reducing this coprecipitation. The coprecipitation of tungsten was 
investigated for tungsten/titanium ratios varying from 0.1 to 10. The absolute 
amount of titanium precipitated varied between 100 mg for small ratios and 35 mg 
for large ratios. Before melting the oxides of titanium and tungsten a known activity 
(ca. 1 X lo6 cpm) of la7W tracer was added. The percentage of tungsten coprecipi- 
tated was found by counting the activity of the precipitate. The results are summarised 

in Table II. 
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TABLE II.-COPRECIPITATION OF TUNGSTEN WITH TITANIUM DURING 
PRJZCIPITAmON FROM AMMONIACAL PEROXIDE SOLUTION 

W coprecipitated, 
W/Ti ratio % Error on Ti, % 

0.103 0.86 0.066 
0.256 0.63 @121 
0.51 0.30 0116 
1.02 0.19 0.148 
2.55 0.23 0443 
5.1 0.20 0.170 

10.2 0.26 2.00 

At all tungsten/titanium ratios investigated less than 196 of the tungsten is 
coprecipitated. 

The precipitation of titanium from a homogeneous nitric acid-hydrogen peroxide 
medium allows a separation of titanium from hydroxides insoluble in alkaline 
medium. Manganese, for instance, often interferes with the determination of titanium. 
This coprecipitation was studied for manganese/titanium ratios varying from 1 to 20. 
The absolute amount of titanium precipitated was varied from 35 to .lO mg. The 
amount of manganese coprecipitated was computed from 54Mn tracer experiments. 
The results, summarised in Table III, show that the coprecipitation is reduced to a 
considerable extent. A twenty-fold excess of manganese causes an error of only 4% 
on the titanium determination. 

TABLE III.-COPRECIPITATION OF MANGANESE WITH TITANIUM 
(PRECIPITATION FROM HN03-Hz02, pH 2.5) 

Mn/Ti ratio 
Mn coprecipitated, 

% 
Error on Ti, 

% 

1.165 1.30 1.38 
2.33 0.936 1.S8 
4.18 0.511 2.06 
-7.83 0.348 2.35 

11.22 0.32” 3.08 
15.14 0.222 2.90 
19.94 0.23O 3.95 

Precipitation of Tantalum and Niobium from Homogeneous Nitric 

Acid-Hydrogen Peroxide 

Fuse the pentoxides with potassium bisulphate and treat the cold melt by heating with a 3% 
solution of hydrogen peroxide. Neutralise with potassium hydroxide to give a clear solution of 
soluble peroxytantalates and niobates. Add nitric acid and heat to decompose the excess of hydro- 
gen peroxide and the peroxyacids. The earth acids are precipitated homogeneously. 

Preliminary experiments showed that in 5M nitric acid optimum results were 
obtained. A heating period of 10 hr at 70” was required before the decomposition 
was complete. In the presence of small amounts of selenous acid as a catalyst, 
quantitative precipitation took place after 5 hr at 85”. 

In all experiments the amount left in solution was computed from tracer experi- 
ments. The tracer solutions were prepared with the same experimental conditions as 
the earth acid stock solutions. The results for the tantalum and niobium precipitations 
are summarised in Table IV. 

It can be seen from Table IV that precipitation from homogeneous solution 
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TABLE W.-COMPLETENESS OF THE TANTALUM AND NIOBIUM PRECIPITATIONS 

FROM NITRIC ACID-HYDROGEN PEROXIDE SOLUTION 

Tantalum Ta left in Niobium Nb left in Niobium i_ tantalum Nb left in 
taken, solution, taken, solution, taken, solution, 

mg/60 ml “/,” mg/60 ml y,ga mg/60 ml %” 

100.3 0.14 
85.0 0.18 
69.8 0.27 
41.1 0.28 
29.1 0.26 
17.4 0.34 
8.4 0.38 
5.0 0.35 

- 

” Average of 2 experiments. 

107.5 0.50 107.5 + 75 0.36 
75.25 0.77 84.1 + 75 0.39 
53.75 0.88 58.85 + 75 0.48 
43.0 1.1 43.0 + 50 0.85 
32.25 0,63 32.25 + 50 0.57 
21.5 2.1 21.5 i- 50 0.74 
10.75 2.5 12.6? + 50 060 
4.3 8,l 4.3 + 50 1.38 

gives highly satisfactory tantalum recoveries (better than 99.6%) even at low con- 
centrations. For niobium it is somewhat less satisfactory, although in the presence 
of tantalum the recoveries of niobium are usually better than 99yb. 

Coprecipitation of titanium 

The precipitation from a homogeneous nitric acid-hydrogen peroxide medium 
allows a separation of the earth acids from titanium over a considerable concentra- 
tion range. The coprecipitation of titanium was investigated for titanium/tantalum 
or niobium ratios varying from 0.008 to 8. The absolute amount of earth acids 
precipitated varied between 120 mg for small ratios and 15 mg for larger ratios. 
The amount of titanium coprecipitated was determined spectrophotometrically or 
gravimetrically. The results are given in Tables V and VI. The induced error is 
plotted in Fig. 1. 

From Tables V and VI it appears that coprecipitation errors are quite low, 
although far from negligible in the case of large titanium/tantalum or niobium 
ratios. For small ratios a correction for the titanium coprecipitation can easily be 
made, because the values are highly reproducible. 

TABLE V.-COPRECIPITATION OF TITANIUM WITH TANTALUM FROM NITRIC ACID- 

HYDROGEN PEROXIDE SOLUTION 

Spectrophotometric determination 

Ti coprecipi- Error on 
Ti/Ta ratio tated, % Ta, % 

0.00804 47.6 0.52 
0.0117 37.’ 0.59 
0.0237 35.’ 1.13 
0.0373 37.9 1.93 
00568 24.3 1.88 
00862 20.0 2.35 
0.175 14.2 3.39 
0.335 8.2 3.7” 
0609 7.1 5.9” 
1.02 4.7 6.55 
2.10 2.6 7.46 
3.02 1.9 7.84 
7.29 0.81 8.36 

Gravimetric determination 

Ti coprecipi- Error on 
Ti/Ta ratio tated, % Ta, % 

0.0875 26.8 3.2 
0.137 21.5 402 
0.434 Il.0 6.5e 
0.635 8.9’ 7.78 
1.03 7.48 10.5 
1.99 3.25 8.83 
3.16 2.23 9.6” 

9.01 0.8’ 10.0 
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TABLE VI.-COPRECIPITATION OF TITANIUM WITH NIOBIUM FROM NITRIC ACID-HYDROGEN 
PEROXIDE SOLUTION 

Spectrophotometric determination Gravimetric determination 

Ti/Nb ratio 
Ti coprecipi- Error on 

tated, % Nb, % Ti/Nb ratio 

000868 38.* 0.39 
0.0155 29.4 0.53 
0.0224 26.5 0.69 
0.0370 23.6 1.02 
00667 20.’ 1.56 
0.0925 26.O 2.9O 
0.170 19.7 3.90 
0.301 17.8 6.25 
0.503 13.3 7.8O 
0.863 8.9’ 9.0 
1.51 7.42 13.’ 
3.57 2.88 12.0 
4.97 1.82 IO.6 

0.0858 19.8 1.98 
0.171 15.7 3.16 
0.306 13.2 4.7 
0.502 11.3 66 
0.907 7.91 8.4 
1.51 5.2= 9.2 
3.05 3.8” 13.6 
3.66 2.85 12.2 
4.85 1.70 9.6 
8.26 1.3” 13.0 

Ti coprecipi- Error on 
tated, “/‘, Nb, % 

Precipitation of Tantalum and Niobium from a Homogeneous 

Solution of NH40H-H,O, 

Tantalum and niobium can also be precipitated from a homogeneous ammonical 
hydrogen peroxide solution, giving a separation of the earth acids from tungsten. 

Leach the potassium bisulphate melt with hydrogen peroxide and neutralise with potassium 
hydroxide, carefully adjusting the pH to 7.5-8 with dilute aqueous ammonia. Heat solutions con- 
taining from 100 to 10 mg of tantalum or niobium for 20 hr at 85”, to decompose the soluble 
peroxytantalates and niobates. In the presence of selenous acid the heating period can be reduced 
to 8 hr. The decomposition causes a homogeneous precipitation of tantalum and niobium. 

The completeness of the precipitations was examined by adding a known amount 
of le2Ta or s5Nb tracer and measuring the activity of the filtrate. The results are 
summarised in Table VII, which shows that at least 99.204 of the tantalum and 
niobium is precipitated. 

TABLE VII.-COMPLETENESS OF THE TANTALUM AND NIOBIUM PRECIPITATIONS 
FROM HOMOGENEOUS SOLUTION OF AMMONIACAL HYDROGEN PEROXIDE 

Tantalum taken, Ta left in Niobium taken, Nb left in 
mg/60 ml solution, %a mg/60 ml solution, ok 

100.1 0.08 100.2 0.15 
70.2 0.13 80.2 0.12 
60.6 0.14 65.2 0.33 
48.5 0.17 50.1 074 
28.7 0.50 40.1 0.41 
24-O 0.62 25.06 0.80 
14.9 0.67 10.02 0.71 

0 Average of 2 experiments. 

Coprecipitation of tungsten 

It might be expected that precipitation of the earth acids from a slightly alkaline 
medium would reduce the coprecipitation of tungsten on tantalum and niobium. 
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The coprecipitation of tungsten was investigated for tungsten/tantalum ratios varying 
from 0.01 to 10. The absolute amount of earth acids precipitated varied between 
140 mg for small ratios and 20 mg for larger ratios. In all experiments the amount 
of tungsten coprecipitated was determined by measuring the l*‘W activity of the 
filtrate or the precipitate. The results are presented in Table VIII. 

TABLE VIII.-COPRECIPITATION OF TUNGSTEN WITH TANTALUM AND NIOBIUM DURING 

PRECIPITATION FROM HOMOGENEOUS AMMONIACAL HYDROGEN PEROXIDE 

W/Ta ratio 
W coprecipi- Error on 

tated, % Ta, % W/Nb ratio 
W coprecipi- Error on 

tated, % Nb, % 

0.013 76.8 1.03 0.0116 
0.0173 36.3 0.65 0.0169 
0.0455 24.5 1.15 ow.45 
0.0655 20.5 1.39 @0640 
0.101 8.5 0.74 0101 
0.134 5.3 0.73 0.135 
0402 2.1 0.87 0405 
0.580 0.84 0.50 0.604 
0.963 0.67 0.67 1G.l 
1.93 064 1.27 1.95 
5.00 0.52 2.68 4.97 

10.00 0.27 2.79 10.0 

73.9 
59.0 
33.4 
16.4 
10.75 
8.0’ 

:Y . 4 
0.73 
0.56 
0.335 
0.225 

0.76 
0.88 
1.31 
0.92 
0.96 
0.95 
1.13 
1.03 
0.64 
0.96 
1.4’ 
2.00 

Table VIII indicates that only small amounts of tungsten are coprecipitated 
with tantalum and niobium. The induced error is quite small even for large tungsten/ 
earth acid ratios. When this small correction is made for the tungsten coprecipita- 
tion, a single precipitation is sufficient for a direct gravimetric determination of the 
earth acids. 

Analysis of Synthetic Mixtures 

An analysis of a mixture of the oxides of titanium, tungsten, tantalum or niobium 
is possible. Precipitation from nitric acid-hydrogen peroxide separates tungsten, 
tantalum and niobium from titanium, whereas from an ammoniacal hydrogen per- 
oxide solution titanium, tantalum and niobium are precipitated, tungsten being kept 
in solution. In the filtrates titanium and tungsten are determined by precipitations 
from alkaline or acid solution. The sum of the earth acids is computed twice by 
difference. 

This procedure was tested with synthetic mixtures containing known amounts 
of titanium, tungsten and tantalum. The values obtained were corrected for incom- 
plete recoveries and coprecipitation of tungsten or titanium. The corrections were 
computed on the basis of the experimental values described above. The results are 
summarised in Tables IX and X. 

From Tables IX and X it appears that the results are in good agreement with the 
expected values, the errors being within I%, except for some tungsten determinations. 
The larger errors in these cases are obviously caused by the fact that only small 
amounts of tungsten were determined. 

Determination of distribution coeficients 

It is well known that in coprecipitation phenomena three types of distribution 
occur between the solid and liquid phase. If x and y represent the respective amounts 
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TABLE IX.-DETERMINATION OF TITANIUM AND TANTALUM BY PRECIPITATION FROM 

HOMOGENEOUS SOLUTION" 

Taken Found 
_--__- ---__________ --__ 

wo,, 
n’R 

27.93 
73.13 
96.S8 

9.S1 
10.76 

wo, TiO, 
TiO, + Ta,OS, TiO, + Ta,O, Ta,Oo 

“‘R ratio ratio 

209.4 0.13 1.2 
156.7 0.47 1.1 
100.4 0.96 1.0 
155.3 0.063 0.50 
118.4 0.091 0.16 

wo,, Error, TiO, + Ta,O,, 
mg “/A mg 

28.01 10.28 211.40 
72.15 -1.35 155.38” 
96.25 - 0.66 1 O0.85b 
10.08 12.4 15472 
11.37 +2.7 I 16.63 

Error, 
p’ 0 

+0.96 
-0.84 
$0.45 
-0.31 
-1.5 

(1 Titanium and tantalum precipitated from ammoniacal hydrogen peroxide, and tungsten from 
acid in hydrogen peroxide. 

* Precipitation in presence of selenous acid. 

TABLE X.-DETERMINATION OF TUNGSTEN, TANTALUM AND TITANIUM BY PRECIPITATION FROM 

HOMOGENEOUS SOLUTIONa 

Taken Found 

TiO, WOt 
TiO,, WO, + Ta,OS, WO, + Ta,O, Ta,OS 

YY ms ratio ratio 

55.35 150.1 0.37 2.0 
71.6” 1497 0.52 0.94 

111.29 128.6 0.88 0.30 
14.01 114.3 0.12 0.12 
52.2” 1 14.S5 0.45 0.11 

TiO,, 

mg 
Error, WO, i Ta,O,, Error, 

“/, m? 0,’ /Cl 

55.75 +0.72 149.55* -0.37 
78.25 i-O.81 149.75b 10.03 

112.35 10.95 129.85 +@98 
13.90 -0.79 115.50 $-I.05 
52.50 10.58 115.80 +0.83 

Q Tungsten and tantalum precipitated from acidic hydrogen peroxide solution, and titanium 
from ammoniacal hydrogen peroxide solution. 

* Precipitation in presence of selenous acid. 

separated and a and b the initial concentrations of coprecipitant and carrier, the three 
distribution laws are: 

homogeneous distribution law5 
X 

-=Db+y 
a - x 

logarithmic distribution law” 

In?.- E 

b 
il In - 

a--x b-_y 
proportional distribution law’ 

X 
_=I$ 
Y 

From previous work4 it was known that the distribution of molybdenum and 
vanadium on tungstic acid follows the proportional distribution law. In the present 
work the distribution of tungsten on tantalum and niobium, from a homogeneous 
ammoniacal hydrogen peroxide solution, was investigated. Tracer techniques offer 
a relatively simple means of determining the distribution coefficients.4 The amounts 
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TABLE XI.-COPRECIPITATION OF TUNGSTEN WIT TANTALUM 

Ta pptd., 
% 

W copptd., 
Distribution coefficients 

--__ 
% D 1 K 

1.53 1.26 0.821 0.823 0.824 
7.95 5.6O 0.68’ 0.69” 0.704 

35.32 3016 0.791 0.806 0.85’ 
70.50 57.02 0.556 0.706 0.80s 
90.93 8440 0.543 0.776 0.933 
99.58 97.78 0.0636 0.50’ 0.942 

Ii; = 0.844 _c 0.036 _- 

TABLE XII.-COPRECIPITATION OF TUNGSTEN WITH NIOBIUM 

Nb pptd., 
% 

W copptd., 
Distribution coefficients 

~--~ 0, 
/a D 1 K 

9.84 4.0’ 
37.45 12.24 
61.62 26.25 
70.72 24.78 
85.26 29.93 
91.08 34.56 
92.54 35.0’ 
97.3’ 36.6O 
97.S3 35.24 

0.383 0.394 
0.23s 0.26O 
0.222 0.318 
0.136 0.23l 
0074 0.1g6 
0.052 0.175 
0.043 0.14’ 
0.016 0.125 
0012 0.113 

0.407 
0.32’ 
0.42’ 
0.350 
0.351 
0.370 
0.378 
0.376 
0.36O 

R = 0.373 & 0.0080 

Distribution 
coefficients 

I:00 - 
. l 
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FIG. 2.-Distribution of tungsten on tantahn: 
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,F. -. .-. 1 
; ---- K’. 
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Distribution 
coefficients 

I . 

FIG. 3.-Distribution of tungsten on niobium: 
C -----D, 
0 -.-.-. 1, 
. ---- K. 

present of carrier and of coprecipitant are computed by analysis of the composite 
decay curve if the half-lives are sufficiently different. 

Procedure 

Introduce 168.9 mg of tantalum and 1.0 mg of tungsten or 129.5 mg of niobium and 5.2 mg of 
tungsten into a 400-ml conical flask fitted with a reflux condenser. Add lszTa or 05Nb and ‘B7W 
tracers, 5 ml of hydrogen peroxide (30 %) and 100 mg of selenous acid. The volume of solution should 
be about 250 ml. The activities of the tracer solutions are chosen to correspond to approximately 
1 x 10’ cpm of each tracer. 

Adjust the pH of the solution to between 7.5 and 8. Heat the solutions at 85” and at regular time 
intervals take 5-ml portions of the solution by reverse filtration through an asbestos filter. Count 4 ml 
of the filtrates and analyse the composite decay curves. 

The results and the values of D, ii and K, computed according to equations (I), (2) 
or (3), are represented in Tables XI and XII. In Figs. 2 and 3 the values of D, ;1 and 
K are plotted as a function of the percentage precipitated carrier. 

From Tables XI and XII it appears that the proportional distribution law is 
followed in both cases, i.e., the amount of coprecipitant is directly proportional to the 
amount of precipitated carrier, the mean values of the proportional distribution 
coefficient being : 

K,, = 0*844 & 0.036 and K,, = O-37” + 0.008. 

According to the views of Hahn,* proportional distribution occurs when no true 
homogeneous mixed crystals are formed, the process being caused by surface layer 
crystallisation. 

Distribution constants of titanium were not studied because no suitable tracer is 
available and spectrophotometric determinations are not accurate enough because 
they lack specificity. 
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Zusammenfassnng-Eine homogene Flllungsmethode zur gravi- 
metrischen Bestimmung von Titan wurde entwickelt, wobei losliches 
Peroxytitanat entweder in alkalischen oder in schwach salnetersauren 
Medien mit besseren Ausbeuten als 99,6x therm&h ze;setzt wird. 
Die Mitfallune von Wolfram und Manaan wird betriichtlich verrin- 
gert. Ferner Eonnen Tantal und Niob”mit sehr zufriedenstellenden 
Ausbeuten aus homogener Salpetersiiure-Wasserstoffperoxyd-Losung 
geflllt werden. Die Mitfallung von Titan wurde untersucht und 
Korrekturfaktoren daftlr berechnet. Die Erdstiuren kijnnen such 
homogen aus Ammoniak-Wasserstoffperoxyd-Losung gefallt werden, 
wobei die Mitfallung von Wolfram fast vernachlassigbar ist. Die 
Untersuchung der Mitfallung von Wolfram mit Tantal und Niob 
zeigt, dalj auf beiden Triigern die Verteilungskoeffizienten linear 
verlaufen. Die Methode wurde an einigen vorgegebenen Mischungen 
der Oxyde getestet, wobei auf Grund der experimentellen Werte 
Korrektionen fur unvollstlndige Fallung und Mitfallung angebracht 
wurden. 
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Resume-On a tlabore, pour le dosage gravimttrique du titane, une 
methode de precipitation en milieu homogene, par decomposition 
thermique du peroxytitanate soluble, en milieu soit alcalin, soit 
legbrement nitrique, avec des recuperations superieures a 99,6x. 
Les coprecipitations du tungstene et du manganese sont considbable- 
ment reduites. En outre, le tantale et le niobium peuvent &tre precip- 
it&., avec des rendements tres satisfaisants, a partir d’une solution 
homogene acide nitriqueeau oxygen&e. On a etudie la coprtcipita- 
tion du titane, et calcule les corrections pour cette coprecipitation. 
Les oxydes terreux peuvent aussi Ctre precipites par voie homogbne, 
a partir d’une solution ammoniaqueeeau oxygen&e, la coprecipitation 
du tungstene &ant a peu prts nbgligeable. L’ttude du processus de 
coprecipitation du tungsttne sur le tantale et le niobium montre que 
les coefficients de distribution suivent un diagramme linbire sur les 
deux supports. On a essay6 la technique avec un certain nombre de 
melanges synthetiques des oxydes, les corrections pour la pr&cip- 
itation incomplete et pour la coprecipitation &ant appliqu&es en se 
basant sur les valeurs experimentales. 
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Summary-A method is described for the determination of trace 
amounts of zirconium and titanium. The two elements are separated 
from the sample matrix by precipitation with cupferron using iron as 
a carrier. Zirconium is determined after extraction with TOP0 
(tri-n-octylphosphine oxide), by calorimetric measurement of the 
zirconium-Pyrocatechol Violet complex. Titanium is determined by 
calorimetric measurement of its thiocyanate complex extracted with 
TOPO. The method is accurate to within 15 % (relative) or i2.5 ,q, 
whichever is greater, for both elements. Using the modifications 
suggested, the method is nearly specific for the determination of 
titanium (milligram amounts of niobium cause slightly high results), 
and only thorium and hafnium interfere with the determination of 
zirconium. 

INTRODUCTION 

BY combining a number of known methods, an essentially specific determination of 
trace amounts of titanium and zirconium has been developed. Samples to be analysed 
are dissolved in the most appropriate manner and eventually obtained in a medium 
containing sulphuric acid, hydrochloric acid and citric acid. Iron is added as a carrier, 
and a cupferron precipitation is made. The precipitate is treated with nitric and 
perchloric acids, the solution evaporated nearly to dryness, and the residue dissolved 
in 8M nitric acid. Zirconium is extracted from an aliquot of this solution with 0002M 
TOP0 (tri-n-octylphosphine oxide) in cyclohexane, and determined as its Pyrocatechol 
Violet comp1ex.l Sulphuric acid is added to another aliquot of the 8M nitric acid 
solution, and this solution is evaporated to dryness. The residue is dissolved in 6M 
sulphuric acid and the titanium is extracted with 0*02M TOP0 in cyclohexane after 
the formation of the titanium-thiocyanate complex.2 

Apparatus 
EXPERIMENTAL 

Cary Model 14 Spectrophotometer, with 2- and S-cm cells 
International Clinical Centrifuge, with 10 ml glass-stoppered centrifuge tubes 
Mechanical shaker, Aloe Scientific 

Reagents 

Deionised water was used throughout the investigation. 
Standard zirconium solutions. Dissolve 1 g of pure zirconium metal in dilute hydrofluoric acid. 

Add 20 ml of perchloric acid and evaporate to fumes of perchloric acid several times. Dilute to a 
suitable volume. Prepare two standard solutions, one containing 5 pg of zirconium/ml in 8M 

1509 
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nitric acid and the other containing 1 ,~g of zirconium/ml in 8M nitric acid. Standardise the stock 
solution by precipitation with cupferron. 

Standard titanium solutions. Dissolve 1 g of pure titanium metal in 6M hydrochloric acid at low 
heat. Oxidise the titanium with hydrogen peroxide and boil to remove the excess peroxide. Dilute 
to a suitable volume. Add sulphuric acid to an aliquot of this solution and heat to fumes of sulphuric 
acid. Dilute with 6M sulphuric acid to obtain two standard solutions of titanium, one containing 
5 pg of titanium/ml and one containing 1 pg of titanium/ml. Standardise the stock titanium solution 
by precipitation with cupferron. 

Ethyl alcohol, absolute 
Thioglycolic acid (mercaptoacetic acid), 98 % solution 
C_vclohexane 
Ammonium thiocyanate 
Pyridine 
Pyrocatechol Violet (pyrocatecholsulphonphthalein) solution, 0.05 ?i (w/v) in absolute ethanol, 

prepared fresh daily. 
Tri-n-octylphosphine oxide, 0.02M in cyclohexane 
Citric acid, 50 7; (w/v) 
Hydrochloric acid, 12M and 1.2M 
Nitric acid, 16M and 8M 
Perchloric acid, 70 % 
Sulphuric acid, 18M, 6M and 1.8M 
Hydrojuoric acid, 29M 
Cupferron, 6 % (w/v), prepared just before use 
Cupferron wash solution. Add 10 ml of 6% cupferron solution to 500 ml of 1.2M hydrochloric 

acid. Prepare just before use. 
Iron(ZZl) chloride solution, 10 mg of iron/ml 
Anion-exchange resin. Dowex 1X8, 100-200 mesh resin obtained from Bio-Rad Laboratories. 
Filterpuper, Whatman No. 40, 5.5 cm and 12.5 cm. Filter paper has been found to be the major 

cause of high blanks in the titanium procedure. If Whatman papers are unavailable, the papers to be 
used should be analysed for titanium before application of the procedure. 

Filter paper pulp. Cut Whatman 40 filter paper into small (I cm A’ 1 cm) pieces and shake 
vigorously with hot water in a stoppered Erlenmeyer flask. 

Procedure 

Dissolve the sample in the most appropriate manner and eventually obtain it in a volume of about 
100 ml containing 5 ml each of sulphuric and hydrochloric acids and 10 g of citric acid. Add 1 ml 
of the iron(III) chloride solution, 0.5 g of filter paper pulp and cool to 10-15”. Also, cool an aqueous 
6 % solution of cupferron and the cupferron wash solution. Add an excess of cupferron to the sample 
solution. Filter the precipitate and wash 10 times with the cupferron wash solution. (It has been 
found very convenient to filter through a 6.3-cm i.d. Buchner funnel using suction. A piece of 5.5~cm 
filter paper is first placed in the bottom of the funnel, then a piece of 12.5-cm paper pushed down into 
the f&&e1 using i 150-ml beaker. Finally, with the suction on, the pape; is w&ted with water.) 
Return the cuuferrates to the orieinal beaker, add 75 ml of nitric acid and 10 ml of perchloric acid, 
and evaporati using a Speedyvai cover glass: (The evaporation is continued until only a thin film 
of perchloric acid remains on the beaker walls. Do not bake.) Dissolve the residue in 8M nitric acid, 
transfer to a 50-ml volumetric flask and dilute to the mark with 8M nitric acid. This solution is 
hereafter referred to as the prepared solution. 

Determination qf Zirconium. Take an aliquot of the prepared solution, containing approximately 
20 Icg of zirconium, and transfer to a 125-ml separatory funnel. Add sufficient 8M mtric acid to give 
a total volume of 20 ml. Add 10 ml of 0.02M TOP0 solution and extract the zirconium by shaking 
for 10 min. Draw off and discard the aqueous phase. Wash the organic phase by shaking for 1 min 
with 20 ml of 8M nitric acid. Discard the wash solution. Transfer the extract to a glass-stoppered __ 
centrifuge tube and centrifuge for 2 min. 

Add to a 25-ml volumetric flask, in the order listed, 9 ml of absolute ethanol, 5 ml of the centrifuged 
TOP0 extract, 1 ml of Pyrocatechol Violet solution, 5 ml of pyridine, and dilute to the mark v&h 
absolute ethanol. Allow the colour of the zirconium-Pyrocatechol Violet complex to develop for 
40 min and determine its absorbance at 655 m/A in 5-cm cells using absolute ethanol as a reference. 
The absorbance should be measured between 40 and 120 min after addition of the pyridine. 

Determination of Titanium. Add a few drops of sulphuric acid to an aliquot of the prepared 
solution, containing 10 /lg of titanium, and evaporate to dryness. Dissolve the residue by heating with 
15 ml of 6M sulphuric acid. Cool and transfer to a 125-ml separatory funnel with 6M sulphuric acid. 
Add S ml of thioglycolic acid and 2 ml of 50% citric acid solution. Adjust the volume to about 60 ml 
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with 6M sulphuric acid. Add 5 g of ammonium thiocyanate and, after the pink colour from the 
iron(III)-thiocyanate complex has faded, add 20 ml of 0.02M TOP0 solution. Extract the titanium 
by shaking for 5 min. After the phases have separated, withdraw and discard the aqueous phase. 
Add 30 ml of 6M sulphuric acid and 2 ml of thioglycolic acid to the organic phase and shake for 
2 min. Discard the aqueous wash solution and transfer the extract to a U&ml glass-stoppered centri- 
fuge tube and centrifuge for 2 min. Measure the absorbance of the solution at 429 m,u in 2-cm cells 
using cyclohexane in the reference cell. 

DISCUSSION 

Determination of zirconium 

A discussion of variables and other pertinent factors affecting the extraction and 
determination of zirconium is presented in the following paragraphs. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

The efficiency of extraction will depend on both the&rot& of zirconium present 
and the TOP0 concentration. The extraction coefficient is a function of nitric 
acid concentration and is 200, 400 and 550 when the concentration of nitric acid 
is 5M, 8M and lOM, respectively.3 
The zirconium-Pyrocatechol Violet complex exhibits an absorbance maximum 
at 655 mp. The absorbance is a linear function of concentration, at least from 
0 to 0.75 pg of zirconium/ml. The effects of pyridine, ethanol, TOP0 and water 
on the colour intensity have been discussed by Young and White.l 
The colour development of the complex is concentration dependent. The higher 
the concentration of zirconium, the more rapidly full colour development is 
reached. In a solution containing 9.4 pg of zirconium/25 ml, 93 y0 of the maximum 
absorbance was obtained after 2 min, 98 % after 10 min and 100 % after 45 min. 
After 2 hr, the absorbance had dropped to 99.5% of the maximum and no 
precipitate was visible. With 0.94 pug of zirconium/25 ml, the absorbance was 
86 % after 2 min, 94.5 % after 10 min and 100 % after 50 min. It was still 100 % 
after 150 min, and no precipitate was visible. Nearly all solutions containing 
zirconium will eventually give rise to a precipitate. 
The molar absorptivity of the zirconium complex is approximately 41,000 at 
655 rnp, indicating an absorbance of about 0.8 for 0.4 rug of zirconium/ml in 
5-cm cells. 
Amounts of zirconium greater than the 20 ,ug referred to in the procedure can be 
satisfactorily extracted and determined using the procedure described. Up to 
95 ,ug of zirconium can be extracted and determined by using a suitable aliquot. 
However, if the aliquot is diluted with TOP0 solution and an aliquot taken of 
this solution, or if a measured amount of TOP0 solution is added to an aliquot 
of the extract, low results are obtained. 
Titanium interferes slightly with the determination of zirconium when present 
in a weight ratio (titanium to zirconium) of ten or greater. If the organic phase 
is back-washed with nitric acid, however, weight ratios (titanium to zirconium) 
of 100 and more are tolerated by the meth0d.r 
The extraction and absorbance measurement of the zirconium complex is quite 
reproducible as indicated by the fact that when 12 solutions containing 18.8 lug of 
zirconium were treated as described, all absorbance values were between 0.841 
and O-860. 

Only a few additional remarks are necessary concerning the cupferron precipi- 
tation step and its effect on the final absorbance measurement. 
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1. Citric acid, between 0 and 20 g, had no effect (within experimental error) on the 
recovery of zirconium. 

2. The recovery of 16 standards was 100 & 5%. 
3. A blank of 0.5 pg of zirconium is typical for the reagents used in the entire 

procedure. 

Determination of titanium 

A discussion of variables and other pertinent factors affecting the extraction and 
determination of titanium is presented in the following paragraphs. 

1. The titanium-thiocyanate complex extracted in this manner exhibits an absorbance 
maximum at 429 mp. At this wavelength, the molar absorptivity of the complex 
is about 43,000, indicating an absorbance of about 0.9 for 1 ,ug of titanium/ml in 
l-cm cells. The extracted complex is stable (within experimental error) for at 
least 24 hr. The absorbance is a linear function of concentration, at least from 
0 to 1 pg of titanium/ml, and obeys Lambert’s law when I-, 2- and 5-cm cells 
are used. 

2. For quantitative extraction, the solution should be at least 6M with respect to 
sulphuric acid (mixtures of sulphuric and hydrochloric acids have no effect on the 
final absorbance if their total concentration is 6M).2 

3. Although equilibrium conditions are obtained in 3-4 min, a 5-min extraction 
time was used to ensure equilibrium. 

4. The effect of TOP0 concentration over the range 0.00002 to 0.04M is slight but 
significant.2 Using the procedure described, reasonable variations can be ignored. 

5. The concentration of ammonium thiocyanate in the aqueous phase has no effect 
on the absorbance of the titanium complex provided the concentration exceeds 
20 mg/ml.2 

6. Using the procedure described, including the wash, no significant effect on the 
absorbance (of 10 pg of titanium in 20 ml of TOPO) was produced by O-10 mg 
of iron, O-5 g of citric acid or O-10 ml of thioglycolic acid. Iron is present as a 
carrier, citric acid is added to prevent precipitation of other elements which 
might have been carried through the procedure, and thioglycolic acid is added to 
reduce iron and moderate or strong oxidants which might interfere in the 
determination. 

7. There was no measurable effect on the absorbance of the titanium complex when 
the time between the addition of ammonium thiocyanate and the extraction of 
the complex was varied between 3 and 60 min, even though the iron(III)-thio- 
cyanate colour was still visible after the shorter time period. 

8. Up to 1 mg of titanium can be extracted using the procedure described, diluted 
appropriately with cyclohexane, and determined within experimental error. 

9. The extraction and determination of titanium, if present in the tervalent state, 
is quantitative (within experimental error). 

10. The extraction and absorbance measurement of the titanium complex is quite 
reproducible as indicated by the fact that when 10 solutions containing 10 pg of 
titanium were treated as described, all absorbance values were between O-875 
and 0.884. 

Only a few additional remarks are necessary concerning the cupferron precipitation 
step and its effect on the final absorbance measurement. 
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1. Citric acid, between 0 and 20 g, had no effect, within experimental error, on the 
recovery of titanium. 

2. The recovery of 50 ~18 of titanium(II1) was quantitative within experimental error. 
3. The recovery of 8 standards varied from 98.2 to 102.2%. 
4. A blank of 2-3,ug of titanium is typical for the reagents used in the entireprocedure. 

Cupferron precipitation step 

1. Quantitative recovery of 50 ,ug each of titanium and zirconium was obtained 
from :- 
(a) 100 ml of solution containing: 

it 20 ml of 6M sulphuric acid, 5 ml of hydrochloric acid and 10 g of citric acid. 
ii. 50 ml of 6M sulphuric acid, 5 ml of hydrochloric acid and 10 g of citric acid. 
iii. No sulphuric acid, 10 ml of hydrochloric acid and 10 g of citric acid. 

(b) 250 ml of solution containing 60 ml of 6M sulphuric acid, 12.5 ml of hydro- 
chloric acid and 10 g of citric acid. 

2. Quantitative recovery of 3 mg each of titanium and zirconium was obtained using 
the procedure described. The 8M nitric acid solution was appropriately diluted 
before the determination of the two elements. 

Effects of other elements 
RESULTS 

Table I indicates the results obtained in the study of the effect of other elements 
on the procedure described. The table also indicates whether the cupferron precip- 
itation is necessary or sufficient to eliminate interference by an element. 

The behaviour of hafnium (in the zirconium procedure) parallels that of zirconium. 
The absorbance spectrum and wavelength of maximum absorbance are apparently 
identical. The molar absorptivity of the hafnium complex is about 40,000 at 655 mp. 
The absorbance of the hafnium complex is a linear function of concentration, at 
least from 0 to 1 ,ug of hafnium/ml. 

Sulphate has an adverse effect on the extraction and determination of zirconium. 
The recovery of 18.8 pug of zirconium was 96.8, 95.4 and 94*2x, respectively, for 38, 
384 and 676 mg of sulphate, present as sulphuric acid. 

Both thorium and uranium interfere with the determination of zirconium if 
present when the zirconium is extracted. Results are within the accuracy limits 
described if less than 100 pg of uranium or 50 pg of thorium are present. The inter- 
ference of uranium and thorium is shown in greater detail in Table II. 

A discussion of the interferences indicated in Tables I and II is presented in the 
following paragraphs. 
1. Barium interferes by precipitating as barium sulphate, which is insoluble in 8M 

nitric acid. To eliminate interference from barium, it would be necessary to make 
the cupferron precipitation from a hydrochloric acid solution. 

2. Antimony(II1) is carried to some extent with the cupferron precipitate and yields 
a residue insoluble in 8M nitric acid. Antimony must, therefore, be oxidised to 
antimony(V), which does not interfere. 

3. Tin is partially carried and also yields a residue insoluble in 8M nitric acid. An 
anion-exchange separation is discussed in the following pages in which a 4 y0 hydro- 
fluoric acid solution is added to the column, and titanium and zirconium eluted 
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TABLE I.-THE EFFECT OF OTHER ELEMENTS ON THE DETERMINATION OF 

TITANIUM AND ZIRCONIUM 

Recovery, % 

Element(s) added : 
10 mg eacha 

Ti Zr 

Extraction Extraction 
procedure Entire procedure Entire 

only” procedureC onlyb procedureC 

Al 
Sb”’ 
Sbv 
AS”’ 
Asv 
Ba 
Be 
Bi 
B 
B$r-) 

Ca 
CeIV 
cs 
Cl(Cl-) 
Cr”I 
Crvl 
co 
CU 

DY 
Er 
EU 

F(F-1 
Gd 
Ga 
Ge 
Au 
Hf 
Ho 
In 
IW) 
Ir 
Fe*’ 
Fe”’ 
La 
Pb 
Li 
Lu 

Mg 
Mn” 
MnV” 

Hg 
MO 
Nd 
Ni 
Nb 
Pd 
P(PO,“-) 
Pt 
K 
Pr 

101, 98” 
100,100 
103, 101 

102 

102, 1013.’ 
101, 98” 
101, 98% 
101, 98” 
100,100 
101, 98” 
102, 100~~’ 
102, 100 
104,102 
101,98 
100, 101 

100 
101, 101 
101, 101 
102, 101’ 
102, 101’ 
102, 101’ 
104, 103 
102, 101’ 
97, 101 

100,100 
100,101m 
98, 98 

102, 101’ 
101, 102 
100,100 
105, 104B,g 

100 
102, 101 
102, 101’ 
100,100 
100, 9g2 
102, 1011 
101, 98” 
100, 101 

100 
101, 101 

h 
102, 101’ 
101, 982 

105, &4Q 
100, (99e) 
105, 104Q 
101,982 
102, 101’ 

(9813), 96 

101,‘fOO 
919 

102, 101 
100,99t 
99, (101d) 

101’0 
91 

100,100 
97 
99 

98, 98 
9811 

95, 99 
95 
96l’ 

100, 100 
99, 100’ 
99, 100’ 
99, 100’ 
99, 100 
99, 100’ 

101’0 
100 
100 
100 

99, 100’ 
9512 

100 
98 
99 
95’2 

99, 100’ 
100, 103 

9814 
99, 100 

102, 1024 
95, 99 

100 
97, 98 

99, 100’ 
9611 
- 

102, 102 
99, (99e) 
96,95 

98l* 
99, 100’ 

97 
99, 1038 

101, 1008 
101 

99,96 
99j 

101e, 1OOd 
101 
101” 

k 
97 
99 
n 
995 

101 
1027 
13gh 
1027 
995 
99 
98” 

101 
40 
9g8 

101 
1029 
102 

122 
102 

1;3 
98 

103e 
99 
99 
99” 
988 
995 

1027 
94 

100 
100 
988 

102’ 

100 

93, ;6 
998 
98 

100,99t 
103, (104)d 

10410 
999 

99, (looe) 
101 
102 

98,98 
9711 

98, 100 

121 

99, 100 
98, 99l 
98, 99l 
98, 99l 

102, 105 
98, 991 

10410 
101 
98 

98, ?9l 
101’2 

98, 100 
91 

101 
101’2 

98, 991 
99, 99 

9714 
98, 99l 
99, 98* 
98, loo 

100 
95, 97 

98, 99’ 
1001’ 

1018 99, 99 
98, (40e) 99, (low 

102g loo, 99 
98 9714 

102 98, 99l 
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Table I (co&) 

Recovery, % 

Element(s) added: 
10 mg each& 

Ti Zr 

Extraction Extraction 
procedure Entire procedure Entire 

onlyb procedureC onIy” procedureC 

Re 
Rh 
Rb 
Sm 
SC 
Se 
Si 
Ag 
Na 
Sr 
Ta 
Te 
Tb 
Tl’ 
Th 
Tm 
Sn” 
Ti111 
TirY 
W 
UV’ 
V 
Yb 
Y 
Zn 
Zr 
HClO&’ 
Citric acid 
Oxalic acid 
H&‘,’ 

h 
105, 1046.8 
101, 982 
102; 101’ 
102, 101 
102, 101 

102 
100 

101, 9S2 
102, 1OO~J 

- 
97, 100 

102, 101 
100,100 
100,100 
102, 101’ 
97, 97 

- 
- 
h 

102, 102 
105, 104 
102, 101’ 
102, 1011 
101, 9S2 
100,101 

- 
- 
101 
100 

97 100 100 
99 100 102 
9814 101 9714 

99, 100’ 98” 98, 99O 
98, 101 100 100, 101 

100,100 101 95, 97 
(9813),104 104 102 

100” 98 101v 
9814 98 9714 
99 97 102 

102, 100 
99, 100’ 

96 
99, 101 
99, 100’ 

U 

- 
101 
99 
99 

G8 
1058 
103 
104 

88’ 

1:3 
103, 104 

99 
996 

- 
97 

98, 99l 
98, 95 

124, 134 
98, 99i 

u 
- - 

102 
- 

100, 101 
103,99 
98, 99l 
98, 99l 
99, 98” 

- 
100 
- 

99, (1014) 

- 
98, 100 

101 
99, 100’ 
99, 100’ 

102, 1024 
100 
99 

lOo<lOOd) 
- 

- 
101 
9Sd 

O.Od 
- 

Elements with numbered superscript were added with other elements with same number. 

Except as indicated. n Oxidised the reagent. 
10 /Lg of Ti and 18.8 ,q of Zr added. p 2 ml of 72 % HClO,. 
50 PFcg of Ti and 47 ,ug of Zr added. q See discussion regarding interference 
1 g added. of Hf. 
100 mg added. 
Precipitated in extraction 
medium 
Added as chloride. 
Irreproducible high results. 
Precipitation occurred. When W 
was added before Zr, so as not 
to occlude Zr, 98 % recovery was 
obtained. 

r 0.5 ml of 30% H,O,. 
’ 101 and 100% recovery of Zr was obtained 

in the presence of 1 g of Uvl after a 
double pptn. 

t Precipitated as BaSO,. Results shown were 
obtained by filtering the solution before 
spiking. 

u After cupferron pptn., residue insoluble 
in HNO, (1 + 1). 

Oxidised to I,, which oxidised ” AgCl ppt. soluble in HNOS (1 + 1). 
the reagent and prevented colour w See Table II regarding interference of 
formation thorium and uranium. 
Same effect as I (see j). 

m Precipitated on addition of thioglycolic acid. 
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with 9M hydrochloric acid. Faris has shown that tin(W) is very strongly adsorbed 
on an anion-exchange column from a dilute hydrofluoric acid solution. Also, 
Kraus and Nelson5 indicate that tin(IV) in 9M hydrochloric acid solution would 
be strongly retained on such a column. Therefore, the determination of titanium 
and zirconium in the presence of tin should be no significant problem. 

4. 

5. 

6. 

TABLE II.-THE EFFECT OF URANIUM AND THORIUM ON 

THE DETERMINATION OF 18.8pG OF ZIRCONIUM 

(EXTRACTION ONLY) 

Element Added, rc,e 

U 50 
U 100 
U 250 
U 500 
Th 50 
Th 100 
Th 250 

* All errors positive. 

Error,& y0 

2,3 
5 

11 
22 

495 
35 

100 

Ten mg of thorium interferes with the determination of zirconium even with a 
prior cupferron precipitation. This element is not felt to be especially significant 

or important in the analysis of most samples because of its scarcity. However, 
when it is present, several ways of separating it from zirconium are apparently 
available, among which are : 
(a) Anion exchange-Thorium is strongly adsorbed on an anion-exchange column 

from a solution 9M with respect to nitric acid, whereas zirconium is only very 
slightly adsorbed. 6 Also, zirconium is strongly adsorbed on an anion-exchange 
column from a solution 12M with respect to hydrochloric acid, whereas 
thorium is not adsorbed. 

(b) Moore,’ using radioactive tracers, states that zirconium can be extracted from 
2M (or higher) solutions of nitric or hydrochloric acids with 0.5M TTA 
(thenoyltrifluoracetone) in xylene. Among those elements he lists as not 
extracting are thorium and uranium(V1). Zirconium can be stripped from the 
organic phase either with O-5M nitric acid-0*5M hydrofluoric acid, or by diluting 
with xylene to a TTA concentration of 0*05M and extracting for 10 min with 
an equal volume of 8M nitric acid (90 % of the zirconium-95 removed). 

Hafnium interferes with the determination of zirconium and can be separated from 
the latter by ion exchange according to: 
(a) Hague and Machlan,s who used a 3.5 % sulphuric acid medium, and a Dowex- 

1 X8 column. 
(b) Kolosova et aZ.,g who used the cation-exchange resin KU-2X12, and a 0*35M 

sulphuric acid medium. 
Niobium, tantalum, molybdenum and tungsten give rise to interference for two 
reasons. Firstly, because of their insolubility in the nitric acid medium used to 
dissolve the cupferrate residues, and secondly, molybdenum, tungsten and niobium 
interfere markedly if present during the extraction and determination of titanium. 
Table III indicates the behaviour of these elements in the extraction procedure 
used for the determination of titanium. 
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Kallmann has reported I1 that 50 ,ug each of titanium and zirconium can be 
quantitatively separated and determined in the presence of l-g amounts of niobium, 
tantalum, molybdenum or tungsten as follows. 

From niobium and tantalum: Separation by anion exchange (Dowex 1X8) using 25% hydro- 
chloric acid-20 % hydrofluoric acid. Titanium and zirconium are eluted, whereas niobium and tan- 
talum remain on the column. 

From molybdenum: Precipitation with aqueous ammonia using 10 mg of iron as a carrier. 
From tungsten: Precipitation with cupferron from a 50% tartaric acid solution using iron as a 

carrier. 

TABLE III.-BEHAVIOUR OF MOLYBDENUM, TUNGSTEN, NIOBIUM AND TANTALUM 

IN TITANIUM EXTRACTION PROCEDURE 

Titanium 
Element La.Y, m/l Present, @ml A 128, ml1 equivalent (at 429 rnp) 

MO 

W 

Nb 

Ta 

473 

409 

384 

1 0.030 1 jig of MO = 0.017 /lg of Ti 

5 0.190 1 of W ,ug = 0.022 Icg of Ti 

5 0.410 1 /kg of Nb = 0.046 ,ug of Ti 

5 0.000 - 

On the basis of information in the literature, in particular the work of Faris 
Kraus and Nelson5 and Wilkins, lo it was believed that if a solution of the seven 
elements (titanium, zirconium, iron, molybdenum, tungsten, niobium and tantalum) 
in 4% hydrofluoric acid was added to an anion-exchange column, iron would not 
be retained on the column. After removal of the residual hydrofluoric acid by washing 
with ethanol, the titanium and zirconium could be eluted with 9M hydrochloric acid, 
presumably free from the other refractory elements. The procedure used is as follows. 

The sample solution, in 4% hydrofluoric acid, containing the elements mentioned, is added to 
the ion-exchange column (12 x 1.5 cm of anion-exchange resin), cu. 5&75 ml of acid being used for 
the transfer. The column is washed twice with 10 ml portions of 4% hydrofluoric acid and then with 
70 ml of the same solution (to remove iron). Finally, the column is washed with 35 ml of ethanol 
to remove the 4% hydrofluoric acid. Titanium and zirconium are eluted with 100 ml of 9M hydro- 
chloric acid, the eluate being caught in a 600-ml beaker containing 2 g of boric acid and 10 mg of 
iron(II1) in 250 ml of water. A cupferron precipitation is performed as previously described, and the 
precipitate is filtered and treated with nitric and perchloric acids. (Plastic columns, beakers and 
stirring rods are used for all steps before the wet oxidation.) 

It was found that both titanium and zirconium were quantitatively recovered 

using this procedure. Zirconium could be determined accurately in a solution origi- 
nally containing 50 ,ug of titanium, 47 pg of zirconium and 10 mg each of iron, 
molybdenum, tungsten, niobium and tantalum. However, some niobium did “dribble’ 
through the column as shown by a spectrum of the titanium extract. Results for 
titanium indicated that about 100 pug of niobium had not been retained on the column. 
This caused an error in the determination of 50 pg of titanium of about 10%. 

Although this separation is not as satisfactory as could be desired, it indicates that 
samples containing a more favourable ratio of niobium to titanium could be accu- 
rately analysed in this manner. 
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Application of method 

A number of samples have been analysed using the procedure described, or 
modifications thereof. The results obtained are shown in Tables IV and V. 

TABLE IV.-DETERMINATION OF TITANIUM 

Sample 
no. 

Approximate 
composition 

Titanium, % 

Certificate Found 
Note 

NBS 86C 

NBS 169 

Al Base-8 Cu-1 Fe 

77 Ni-20 Cr-1.4 Si 

NBS 170A 

NBS 462 

NBS 467 

NBS 349 

NBL 88 

Ti Steel-O.006 MO 

Low Alloy Steel-Spec. 

Low Alloy Steel-Spec. 

57 Ni-14 Co-20 Cr-3 
Ti-4 MO-0.4 Mn 
Beryllium Metal 

0.035 0.0341, 0.0342 
0.0349 

0.006 OGO58, 0.0057 
0.0057, o+xl57 

0.28 1 0.281, 0.281 
0.280 

0.037 0.0371, 0.0372 
0.0358 

0.26 0.268, 0.268 
0.268 

3.05 3.05, 3.05 

0.0023, 0.0024 

1 
- 
1 
1 
1 
2 
2 
2 
2 
2 

3 

1 Ti determined without previous cupferron pptn. 
% 4 % HF-ethanol-9M HCl anion-exchange separation used. 
3 Results obtained by S. Kallmann at Ledoux and Company using separation indicated in Note 2. 

TABLE V.-DETERMINATION OF ZIRCONIUM 

Sample 
no. 

Approximate 
composition 

Zirconium, % 
Note 

Certificate Found 

NBL 88 Beryllium metal 0.0362, 0.0365, 0.0366 132 
NBS 169 77 Ni-20 Cr-1.4 Si 0.042 0.0394, 0.0394 3 
NBS 170A Ti Steel-0.006 MO 0.037 0.0330, 0.0340 4 

0.0330 
NBS 462 Low Alloy Steel-Spec. 0.063 0.057, 0.056, 0.058 5 
NBS 467 Low Alloy Steel-Spec. 0.094 0.086, 0.087, 0.086 5 
NBS 349 57 Ni-14 Co-20 Cr-3 0.081 0.083, 0.083, 0.086 

Ti-4 MO-0.4 Mn 

1 S. Kallmann found 0.038 and 0.040 ‘A of Zr using 4 ‘A HF-ethanol-9M HCl modification. 
2 0. Kriege found 0.038, 0.035, 0.039, 0.039’% of Zr using his X-ray fluorescence technique.12 
3 Direct extraction of zirconium failed, presumably because of the chromium content. 
4 Results obtained by S. Kallmann at Ledoux and Company. 
5 Anion-exchange modification used. 

Acknowledgement-This paper is derived from work performed under the auspices of United States 
Atomic Energy Commission Contract AT(1 l-1)-171. 

Zusammenfassung-Eine Methode zur Bestimmung von Spuren 
Zirkonium und Titan wird beschrieben. Die beiden Elemente werden 
vom Hauptteil der Probe durch Flllung mit Cupferron auf Eisen- 
triiger abgetrennt. Zirkonium wird mit TOP0 (Tri-n-octylphos- 
phinoxyd) extrahiert und kolorimetrisch als Zirkonium-Brenzka- 
techinviolett-Komplex bestimmt. Titan wird kolorimetrisch als 
Rhodanidkomplex bestimmt, der mit TOP0 extrahiert wird. Die 
Methode ist fi.ir beide Elemente auf +5% (relativ) oder hiichstens 
auf 12,5 pg genau. Mit den vorgeschlagenen Anderungen ist die 
Methode fast spezifisch fiir die Bestimmung von Titan (Milligrammen- 
gen Niob geben Plusfehler); nur Thorium und Hafnium stijren die 
Zirkon-bestimmung. 
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R&sum&-On d&it une methode de dosage du titane et du zirconium. 
L-es deux elements sont &pares de la gangue echantillon par pr&p- 
itation au cupferron, en utilisant le fer comme entraineur. On dose 
le titane par mesure de son complexe thiocyanique extrait a l’oxyde de 
tri-n-octylphosphine (TOPO). Le zirconium est dose apres extraction 
au TOP0 de la solution 8 M en acide nitrique, par mesure du complexe 
zirconium-violet de pyrocatechol. Pour les deux elements, la mtthode 
est precise a f 5 % b; 2,5 118 p&s. On prend la plus grande de ces 
deux valeurs. En utilisant les modifications suaaerees. la mtthode 
est specifique pour le dosage du titane, et seuls le tl%ium et le hafnium 
interferent dans le dosage du zirconium. 
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THE PRECIPITATION OF CADMIUM SULPHIDE BY 
THIOACETAMIDE FROM ACID CHLORIDE SOLUTIONS 
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Summary-The rate of precipitation of cadmium(l1) by thioacetamide 
from 0.030 VF to 0.040 IFchloride solutions has been found to conform 
to the expression 

--dKd”l _ k [Cd2+][CH,CSNH,] 
dt [H+]‘/2 

+ k, [CdCl+][CH,CSNH,] 
[H+]5’4 

where k and k’ are 8.1 x lO-4 litre1/2 mole-1/z min-’ and 1.55 x 1O-4 
litre114 mole-1/4 min-I, respectively, at 90”. This rate expression applies 
to solutions having pH values above 3, where the so-called direct 
reaction between cadmium species and thioacetamide is predominant. 
At the above chloride concentrations, the observed rate of precipitation 
is greater than that which should have been observed if all of the 
cadmium(H) were present as aquated cadmium ion, Cd2+. Rate 
measurements at 0.15 and 1 VF chloride have shown that the higher 
chloride complexes of cadmium(H), CdCl, and CdC&-, react at a very 
much slower rate than does CdCl+ or Cd2+. The value of the dissocia- 
tion constant for the monochlorocadmium ion, 

K 
[Cd2+][Cl-] 

dias = [CdC,+] 9 

has been found to be (2.18 & 0.07) x 1O-2 at 90” by means of a con- 
centration cell with cadmium amalgam electrodes. 

INTRODUCTION 

BOWERSOX and Swift1 found that in the pH region from 3.3 to 6.3 the rate of precipi- 
tation of cadmium sulphide by thioacetamide (TAA) from formic acid-formate 
buffered solutions conformed to the expression 

-d[CdII] 
= 8.1 x 10-d 

[Cd”][CH,CSNH,] 

dt [H+]1’2 (1) 

They also observed that chloride ion decreased the rate of precipitation, and this 
decrease was attributed to the formation of chloride complexes of cadmium. It was 
hoped that a quantitative investigation of this inhibition would provide information 
regarding the effect of complexing ligands on the rates and mechanisms of the direct 
reactions of hydrated metal ions with TAA. In addition, the analytical implications 
were of interest. 

* Present address: 
U.S.A. 

Hall Laboratory of Chemistry, Wesleyan University, Middletown, Connecticut, 

t Contribution No. 3122. 
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I. THE DISSOCIATION CONSTANT OF 
MONOCHLOROCADMIUM ION 

The rate measurements on the reaction of cadmium with thioacetamide in chloride 
solutions were carried out at 90”. Therefore a reliable value for the dissociation constant 
of the monochlorocadmium ion at this temperature was needed for quantitative 
interpretation of the results. A sufficiently accurate value could not be obtained by 
extrapolation of published values at other temperatures, J%‘,~ therefore, a concentration 
cell utilising cadmium amalgam electrodes was used for gathering the results required 
to calculate the desired dissociation constant at 90”. Approximate calculations from 
limited available values, indicated that at 90”, and the prevailing pH values, less 
than 0*0003 “/ of the cadmium would be present as CdOHf. 

Reagents 
EXPERIMENTAL 

Reagent-grade chemicals were used. 
Cadmium perchlorate solution: O.lOVF (volume formal), prepared by dissolving cadmium 

carbonate in a measured volume of 9VF perchloric acid and diluting to volume. 
Cadmium amalgam: 5 %, made by mixing 15 g of cadmium metal turnings with 285 g of triply 

distilled mercury and warming the mixture in an atmosphere of nitrogen. 
Sodium chloride solution: 0.5OVF prepared by weight. 
Sodium perchlorate solution: (chloride-free) l.OOVF, used to provide a constant ionic strength 

of 0.23. 

Apparatus 

A thermoregulated constant temperature bath was used to maintain the system at 90”. A Leeds 
and Northrup K-2 potentiometer was used for the potential measurements. The cell was a con- 
ventional polarographic H-cell with a sintered glass disc separating the two compartments. The 
cadmium amalgam was placed in the lower end of J-shaped 6-mm glass tubing having a length of 
platinum wire sealed in to maintain electrical contact with the cadmium amalgam in the cup. This 
apparatus was similar in nature to that used by Vanderzee and Rhodes”’ for the study of stannous 
chloride complexes. 

Procedure 

The method consisted of measuring the potential difference between two identical cadmium 
amalgam electrodes, one in a reference cadmium perchlorate solution of known concentration, the 
other in a solution of known cadmium and chloride concentrations and having the same ionic 
strength and pH as the reference solution. Fresh cadmium amalgam electrode surfaces were prepared 
for each experiment. 

The empty H-cell was preheated in the constant temperature bath. The two cadmium solutions 
were deaerated with nitrogen, heated quickly to about go”, and rapidly poured into the appropriate 
compartments of the cell, and the compartments were closed. An atmosphere of nitrogen was 
maintained over the solutions throughout each experiment. The electrodes were inserted, and 
potential difference readings were taken as soon as the temperature of the solutions stabilised at 
90”. A series of readings was taken at approximately 3-min intervals for about 20 min; after this 
time the potential differences began to decrease because of the migration of chloride ion through the 
sintered glass disc. The values obtained during a given run agreed to within 0.3 mV; the average 
value of multiplicate runs agreed to within 0.2 mV. The reference solution in all measurements was 
a standard cadmium perchlorate solution, about @Ol VF in cadmium and adjusted to ionic strength 
0.23 with sodium perchlorate. The chloride-containing solutions were of the same ionic strength 
and same formal cadmium concentration. 

RESULTS AND DISCUSSION 

The reversible e.m.f. of the cell 

Cd(Hg) 1 Cd2+(C,) jl Cd2+(C,) I CdU-Ig~ 



Precipitation of cadmium sulphide by thioaeetamide 1523 

is given by 

E 
RT 

cell = g- In %/Cl (2) 

where cs represents the cadmium ion concentration of the standard solution and cr 
the cadmium ion concentration of the chloride-containing solution. In this work 
the junction potential has been neglected because the solutions are nearly identical 
in composition and of equal ionic strength; only the chloride and cadmium ion con- 
centrations differ. There was no evidence of significant concentration changes caused 
by evaporation during the course of the measurements. 

Checks on the experimental reliability of the method were made as follows: 
1. The asymmetry potential resulting when the two cadmium amalgam electrodes 

were placed in identical solutions was measured at 25” and 90”, and in all cases, was 
within approximately f0.5 mv. 

2. The reversibility of the cadmium amalgam electrodes in these solutions at 
90” was checked by measuring the potential difference between two solutions of the 
same ionic strength having a cadmium concentration ratio of 10: 1 and comparing 
the value obtained with that predicted by equation (2); the calculated value was 
36.4 mv, and the observed value 37.4 mv. 

3. The dissociation constant of the monochlorocadmium ion at 25” was determined 
over a range of cadmium-chloride ratios and the value obtained compared with 
literature values. King” and Vanderzee and Dawsons among others, have shown that 
a chloride concentration range exists in which cadmium and monochlorocadmium 
ions are the predominant species, and the results of Vanderzee and Dawson on the 
variation of the dissociation constant with ionic strength were used to calculate an 
approximate value for 

K = W2+1K1-l 
dlxs [CdClf] 

at 25” and ,U = 0.23. (This ionic strength was used so that later comparison of the 
rate values with those of Bowersox and Swift’ on the cadmium ion-TAA reaction 

TABLE I.-DIWXUTION CONSTANT OF MONOOILORO- 
CADMIUM ION AT 90” CALCULATED FROM 

CONCENTRATION CELL VALUES 

(Reference solution of cadmium perchlorate, 
000968 VF, ionic strength, 0.23 ; 5 % cadmium 

amalgam electrodes; nitrogen atmosphere) 

Cd”, VF Cl-, VF E.m.f., mv I&,,* x lo2 

000703 000978 4.8 2.20 
4.8 

000968 0.0190 8.1 2.22 
000703 0.0244 102 2.25 

10.4 
000968 00476 16.4 2.24 
000703 00487 18.2 200 

18.4 

Kdiss = (2.18 i 0.07) x 10-e 

a Calculated from the expression 

K 
[Cd*+] [Cl-] 

disa = [CdCI+] 
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could be made.) The mean of the experimental values found for Kdisd at 25” was 
3,2 x 10A2; the value calculated from the results of Vanderzee and Dawsons was 
3.5 x 10-2. 

Dissociation constant of monochlorocadmium ion at 90” 

Table I presents the results of two independent series of measurements of the 
e.m.f. of cadmium ion concentration cells at 90” and the resulting values for the dis- 
sociation constant at each chloride concentration. The average value of the dissocia- 
tion constant, 2.18 ,X 10h2, was used during the rate study described below for 
calculating equilibrium concentrations of cadmium and monochlorocadmium ions 
under the conditions specified. 

II. REACTION RATES OF CHLOROCADMIUM SPECIES 
WITH THIOACETAMIDE 

Reqyents 
EXPERIMENTAL 

Thioacetamide (TAA) solutions: 1.00 VF, prepared by weight from Arapahoe thioacetamide. * 
These solutions were clear and were used for not longer than 3 weeks. 

Disodium ethylenediaminetetra-acetute (EDTA): 0.011 VF, prepared by weight and standardised 
with a standard zinc chloride solution. Eriochrome Black T in 1: 1 ethanolamine-isopropanol was 
used as indicator. 

Formic acid-formate bu@ systems were used; the concentration of formate ion in the reaction 
solution was 0.15 VF. 

Buj%r solution, pH 10: made by diluting a solution of 67.5 g of ammonium chloride and 570 ml 
of concentrated aqueous ammonia (stock reagent) to 1 litre, was used in the EDTA titrations. 

Apparatus 

The reaction vessel was a 38-mm x 200-mm Pyrex test-tube fitted with a three-hole stopper. 
Inserted in the stopper were a 6-mm siphon tube, a 6-mm outlet tube with a pressure bulb, and a 
thermometer. The vessel was immersed in the constant temperature bath and the temperature of the 
entire system was maintained at 90 i 1”. In one experiment an additional 6-mm tube was inserted 
in the reaction vessel to allow nitrogen to bubble through the vessel. 

The cadmium perchlorate, sodium perchlorate, sodium chloride and buffer solutions were mixed 
in the reaction vessel at a temperature slightly above 90”. The TAA solution was heated quickly to 
about the same temperature and then added rapidly to the system. The initial concentration of 
cadmium(H) was O.OlOVF, the chloride was 0.031-l.OVF, and the TAA concentration was varied 
from 0,lOOVF to 0445VF. After temperature equilibration, samples of the reaction mixture were 
removed at timed intervals, quenched in an ice bath, and centrifuged to separate the cadmium 
sulphide. Duplicate 500-ml portions of each sample solution were pipetted into 15-mm ,i 125-mm 
test-tubes. An excess of ammonia was added to precipitate the cadmium sulphide, and the tubes 
were placed in hot water to coagulate the precipitate. Then the mixture was centrifuged, and the 
cadmium sulphide was transferred quantitatively to a flask. About 4 ml of 6VF hydrochloric acid 
were added, the solution was boiled to expel hydrogen sulphide, and was then partially neutralised 
with 6VF potassium hydroxide. The solution was cooled, and 10 ml of the pH 10 buffer solution 
and a few drops of Eriochrome Black T indicator were added. The solution was then titrated with 
0.011 VF EDTA to a blue-green end-point. 

DISCUSSION AND RESULTS 

The rate measurements were made with solutions, 0.030-0*040Win chloride, which 
had approximately equal concentrations of cadmium and monochlorocadmium ions; 
the dissociation constant of CdCl,, estimated from the results of Vanderzee and 
Dawsons at 25” and 45”, indicated that less than ST:, of the total cadmium existed 

* Arapahoe Chemicals, Inc, Boulder, Colorado, U.S.A. 
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as this species. Evidence is presented later that CdCI, does not react with thio- 
acetamide at a significant rate under the conditions prevailing. 

A semi-logarithmic plot of the total or volume formal cadmium concentration 
versus time was made for each experiment, and as shown in Fig. 1 linear plots were 

15 
fime,min 

30 45 60 IS 

/ I I I I 

20 40 60 60 loo 

fima.min 

90 

-E 

PIG. l.-Effect of cadmium(H), thioacetamide and pH on the rate of precipitation of 
cadmium from chloride solutions by thioacetamide. 

0 Experimental measurements. 
A Calculated using equation (I ), assuming no chlorocadmium~I1) complexes formed. 

A. CH&SNH, @2OOVe chloride 0,03OVF, 90’ 
(1) pH 430 
(2) pH 3.80 
(3) pH 3.30; chloride OXMOW 

B. pH 3.80; chloride 0.03OVF; 90‘ 
(1) CH,CSNH, 0445 VF 
(2) CH,CSNH, O~lOOVF 

obtained in all cases. The rate of decrease of the formal cadmium concentration 
under the conditions studied can be expressed in the form. 

-dfCd”] 

dt 
= K [Cd-II] 

Because essentially a11 of the cadmium exists as cadmium and monochloro~admium 
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ions under these conditions, the rate may be expressed also as 

1 

SMITH 

(5) 

where [Cd2+] and [CdClf] designate the concentrations of aquated cadmium and 

monochlorocadmium ions, respectively. 

Bowersox and Swift1 have shown that the rate of reaction of cadmium ion with 

thioacetamide in acid solution at 90”, in the pH region where the so-called direct 

reaction predominates, conforms to equation (1). Nearly exact reproducibility of the 

rate constant, 8.1 x lop4 litre1j2 male-1/2 min-l at 90”, reported by these investigators, 

was confirmed in separate experiments during the course of the present work. There- 

fore, the over-all reaction rate under these conditions becomes 

-d[Cd”] [Cd2+][CH,CSNH,] 

dt 
= 8.1 x 1O-4 

[H+]1’2 
+ k,[CdCl+]‘” (6) 

where k, is a constant for any given thioacetamide and hydrogen ion concentration. 
If CdCl+ does not react with TAA at a measurable rate, the second term in 

TABLE IL-COMPARISON OF OBSERVED CADMIUM(II) PRECIPITATION RATE WITH 
PRECIPITATION RATE OF CADMIUM ION (Cdz+). 

(pH 3.80; chloride 0.03OOVF; CH,CSNH, 0.2OOVF; temp., 90”) 

Time, min [Cd”], VF [Cdz+l,a M [CdCI+],B M 
-d[Cd”]” \,~ ,oj -d[Cda+]c 

dt 
~ X lo” 

dt 

0 oGO940 oW4.40 
15 000745 0.00343 
30 000560 0.00255 
45 O+W425 OX@190 
60 oGO340 oGO15o 

8 Calculated from the expression 

00X%0 16.4 5.6 
0~00402 13.0 4.4 
OW305 9.8 3.2 
0.00235 7.4 2.5 
0~00190 5.9 1.9 

[Cd2+][C1-] 
[CdCI+] 

= 2.18 / 1O-2 (90”) 

b Calculated from the expression 
-d[Cd”] 
~ = K[Cd-II] 

dt 
C Calculated from the expression (1) 

-d[Cd2+] 
dt 

= 8,1 x ,o_L [Cd2+1KH,CSNH,I 
[H+]“a 

equations (5) and (6) disappears, and the observed rate should conform closely to the 
rate calculated using the equilibrium concentrations of cadmium ion. The results 
presented in Table II show that the observed rate cannot be explained on this basis. 
Equilibrium concentrations of cadmium and monochlorocadmium ions were cal- 
culated at each experimental point, using the dissociation constant for CdCl+ 
previously determined. Cadmium(I1) complexes are highly labile and there is no 
evidence for delay in establishing equilibrium. * The total observed rate of cadmium(I1) 
precipitation and calculated rates of reaction of cadmium ion are tabulated for 
one representative set of conditions (Table II), and indicate that the monochloro- 
cadmium ion reacts with TAA at a greater rate under these conditions than does the 
simple (aquated) cadmium ion. A similar representation of the relative reaction 
rates observed in all other experiments leads to the same conclusion. 
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Fig. 1 shows the relationships between the experimentally determined reaction 
rates of cadmium and TAA under the conditions specified [equation (4)], and the rate 
calculated using the Bowersox-Swift expression [equation (l)] assuming no complex 
formation. In every case, under the experimental conditions studied, the observed 
rate is greater than that calculated assuming that all cadmium in the system was 
present in the form of the aquated cadmium ion, represented as Cd2+. The calculated 

plots were made by determining a rate constant, K, of the form in equation (4). These 
plots are consistent with the example results shown in Table II. 

Rates of monochlorocadmium ion-thioacetamide reaction 

Effect of monochlorocadmium ion: Because the term dependent on cadmium ion in 
equation (6) can be calculated, the results obtained from rate measurements at constant 
TAA and hydrogen ion concentrations can be used to determine the value of n in 

this equation. From equations (4), (5) and (6) it is seen that 

-d[CdCl+] 

dt 
= K[Cd”] - 8.1 x 1O-4 W2+l[CWSNW = k 

[ H+]“2 d 
[CdC,+ln 

(7) 

The results were plotted as the term 

K[Cdi’] - 8.1 x 1O-4 
[Cd2+][CH,CSNH2] 

[H+]“2 

versus the equilibrium concentration of CdCI+ at each experimental point. 
The linearity of these plots (cj Fig. 2) establishes a first order rate dependence on 

the concentration of monochlorocadmium ion. The value of n in equation (7), which 
has been calculated from the results is 1.01 + 0.01. 

Eflect of thioacetamide: Experiments at three different TAA concentrations and at 
constant pH, permitted the calculation of the corresponding rate constants, K and 
k,, in equation (7). The value of m in the expression 

-d[CdCl+] 

dt 
= k,‘[CdCl+][CH,CSNH,]” 

was then calculated as 1.03 + 0.05. 

TABLE III.-EFFECT OF TH~OACETAMIDE CONCENTRATION ON 
THE MONOCHLOROcADMlUM ION-THIOACETAMIDE REACTION. 

(Chloride 0*03001/F: DH 3.80: 90”) 

[CH,CSNH,], VF k x 102, XC-’ * k’ x 10, M-’ see-’ b 

0.100 1.04 * 0.00 1.04 
0.200 2.23 * 0.01 1.11 
0445 4.93 f OTXI 1.11 

k’ Bverage = (1.09 + 0.03) x 10-l M-l set-1 

a Calculated from the expression 

- d[CdCl+] 
dt 

= k[CdCI+] 

b Calculated from the expression 

-d[CdCl+] 
dt = k’[CdCl’][CH,CSNH,] 

(8) 

In Table III the information on the effect of TAA is summarised, and shows that 
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the rate of reaction of monochlorocadmium ion with TAA is first order with respect 
to the TAA concentration. 

Effect of hydrogen ion: In order to establish the dependence on pH of the rate of 
the reaction of CdCl+ with TAA, measurements were carried out in solutions varying 

2’ I I I I I I I 
I 2 3 4 5 6 7 

[CdCI+] x 103,M 

E 

FIG. 2.-Effect of monochlorocadmium ion and pH on the rate of precipitation of 
monochlorocadmium ion by thioacetamide. 

(CH,CSNH, 0.2OOVF, chloride 0.03OOVF; 90”) 
(1) pH 4.30 
(2) pH 3.80 
(3) pH 3.30; chloride 004OOVF 

from 5.0 x lO-4 to 5.0 x 10P5VM in hydrogen ion. The measurements were not 
made over a wider range because at lower pH values precipitation by TAA hydrolysis 
becomes signiflcant,l and at higher pH values the formate buffer system is inefficient. 

It was desirable to retain the formate buffer system in order to utilise the informa- 
tion previously reported by Bowersox and Swift. l In this and similar work done in 
these laboratories the pH values reported were determined at 25’ rather than at 90”. 
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Rate measurements were carried out in solutions 0.15W and l*OVF in chloride, 
where significant concentrations of CdCl, and CdCl,-, respectively, should 
be present. The results of King6 show that at 25” the distribution of species 
should be approximately one-fifth total cadmium as CdCl, in a 0.15W chloride 
solution : and one-third as Cd& and one-half as CdCl,- in a l*OVF chloride 
solution. 

The results are summarised in Fig. 3, where the rates at the higher concentrations 
are compared with one of the experiments at 0*03OOVF chloride under the same 

I I I I I I I I I I . 

1.00 

0.20 I I I I I I I I I I 
0 20 40 60 80 100 

Time,min 

FIG. 3.-Effect of chloride concentration on the rate of precipitation of cadmium(II) 
by thioacetamide. 

(pH 3.80; CH,CSNH, 0.2OOW; 90”) 
(1) chloride 0.03OOVF 
(2) chloride 0.146VF 
(3) chloride l+IOVF 

conditions. The over-all rate of reaction of cadmium with TAA is greatly diminished 
as the chloride concentration increases. Also, it is to be seen that the rate of the reac- 
tion is still first order with respect to the volume formal cadmium concentration. 
This information indicates that the uncharged and negatively charged species, CdCI, 
and CdCI,-, react at a very much slower rate than does CdClf. 

No quantitative conclusions can be drawn, because only very approximate values 
for the dissociation constants of CdCl, and CdCl,- are available. In addition, the 
ionic strength of these more concentrated chloride solutions exerts a significant 
effect on the value of the individual dissociation constants. Nevertheless, attempts 
were made to calculate approximately the ionic strength and temperature effects on 
the available dissociation constants of CdCl, and CdCI,- at lower temperatures and 
different ionic strengths. 6,s These resulting approximate constants were applied in 
the calculation of the equilibrium distribution of the various cadmium species in the 
reaction solutions of chloride concentration O*lSVF and I*OVF. Calculations made 
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in this way indicate that CdCl, and CdCI,- do not react with thioacetamide at a 
measurable rate under the conditions specified. 

Comments on reaction rates of various species 

As the results in Table II and Fig. 1 show, the rate of reaction of the monochloro- 
cadmium ion with thioacetamide is greater than that of the aquated cadmium ion. 
A direct comparison of rate constants is not meaningful, because the rate constant of 
the CdCl+-CHaCSNH, reaction has different dimensions from that of the Cd2+- 
CH,CSNH, reaction because of the different hydrogen ion dependences of these 
reactions. If the Cd2+ and CdClf rates had the same hydrogen ion dependence, the rate 
constant of the CdClf reaction would be much greater than that of the Cd2+ reaction 
(Table IV); at pH 3.80, for example, k, would have been 1.37 x 10e3 litre112 mole-1/2 

min-r. As indicated by Fig. 3, and by the approximate calculations described in con- 
nection with the rate measurements in 0.146 and 1MlVFchloride solutions, the CdCl, 
and CdCla- species react very slowly, if at all, under the conditions described. No in- 
formation appears to be available by which one can explain these apparent relative 
rates by direct analogy with similar reactions. 

Subsequent experiments in these laboratories l1 have indicated that nucleation 
and crystal growth phenomena can exert striking effects on precipitations by the 
direct reactioy, and that under certain conditions reactions taking place at the surface 
of the precipitate particles constitute the rate-controlling step. These effects are 
being investigated further. 

This investigation again shows the variety of effects which may occur when TAA 
is substituted for hydrogen sulphide as a precipitant, and the necessity for careful 
experimental verification of proposed analytical procedures based on this substitution. 

Acknowledgement-We are indebted to David F. Bowersox for preliminary measurements which 
established that the aquated cadmium ion and the monochlorocadmium ion reacted with TAA at 
different rates. We have received valuable suggestions and comments from Fred C. Anson, 
Robert L. Causey, and David H. Klein. Financial support from the National Science Foundation 
is gratefully acknowledged. 

ZusammenfassunR-Die Fallungsgeschwindigkeit von Cadmium(I1) 
mit Thioacetamid aus 0,03-0,04-molaren Chloridlosungen 11Bt sich 
durch die Gleichung 

- d[Cd(II)] 
dt =k 

[Cd2+][CH,CSNH,] 
[H+]“a 

+ k, [CdCl+][CH,CSNH,] 
[H+]*‘l 

darstellen, mit k = 8,l . 1O-p 1”2 mo1-1’2 min-’ und k’ = 1,55 . lo-* 
PI4 mol-I/* min-’ bei 90°C. Diese Geschwindigkeitsgleichung gilt fiir 
Lijsungen mit pH-Werten iiber 3, wo die sogenannte direkte Reaktion 
zwischen Cadmium und Thioacetamid tiberwiegt. Bei den gennanten 
Chlorid-konzentrationen ist die beobachtete Fallungsgeschwindigkeit 
grinder als die, die man erwarten wtirde, wenn alles Cadmium(II) als 
hydratisiertes Cadmiumion Cda+ vorllge. Geschwindigkeitsmessungen 
bei 0,15 und 1-molarer Chloridkonzentration zeigten, daB die starker 
chloridhaltigen Komplexe CdCl, und CdCl,- viel-langsamer reagieren 
als CdCl+ und Cd+. Die Dissoziationskonstante des Monochloro- 
cadmiumions 

K 
[Cd*+][Cl-] 

“‘* = [CdClf] 

wurde mit Hilfe einer Konzentrationszelle mit Cadmiumamalgam- 
elektroden zu (2,18 + 0,07) . IO-* bei 90°C gefunden. 
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Resume-On a trouve que la vitesse de precipitation du cadmium(H) 
par le thioacetamide, a partir de solutions de chlorure 0,030W a 
O$MOVF, est en accord avec l’equation: 

-d[Cd(Il)] 
dt 

= k [Cd2+l[CH,CSNH,] ,_ k, [CdCl+][CH:,CSNH,] 
[H+]@ [H+]3’4 

oh k et k' sont respectivement, a 9O”C, 8,l :Y 1O-4 litre”’ mole-‘/2 min-l 
et 1,55 ‘r: lO-a litre’/4 mo1e-“4 min-‘. Cette equation de la vitesse 
s’applique aux solutions dont le pH est superieur a 3, et oti predomine 
la reaction dite directe entre le cadmium et le thioacetamide. Aux 
plus grandes concentrations en chlorure, la vitesse de precipitation 
observee est superieure a celle que l’on devrait noter si tout le 
cadmium(B) ttait present a I’Ctat d’ion cadmium hydrate, Cd2+. Les 
mesures de vitesse pour les valeurs 0,15 et 1F en chlorure ont montre 
que les complexes chlores superieurs du cadmium(B), CdCl, et 
CdCl,-, reagissent a des vitesses beaucoup plus lentes que CdCl+ ou 
Cd2+. On a troud, au moyen dune cellule die concentration avec elec- 
trodes a amalgame de cadmium, que la valeur de la constante de 
dissociation pour l’ion monochlorocadmium, 

K 
[Cd2+][Cl-] 

d1ss = [CdCl+] 

est de (2,lS I- 0,07) \ lo-” a 90°C. 
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Summary-Bromopyrogallol red (BPR) and I .lO-phenanthroline(phen) 
may be used as a reagent system for the spectrophotometric determi- 
nation of silver ions in aqueous solution in the range 0.02-0.20 ppm. 
Photometric and potentiometric methods have shown that the blue 
coloured ternary complex, which absorbs at 635 mp, is most probably 
an ion-association system [(phen-Ag-phen)+ ],BPR2-. The colour 
reaction, using EDTA, fluoride and hydrogen peroxide as masking 
agents, is free from interference of a lOO-fold g ion excess over silver 
of some 24 cations and 11 anions investigated. Only gold(III), cyanide 
and thiosulphate were found to interfere. With a molar extinction 
coefficient of 51,000, the colour reaction is probably the most sensitive 
of all known calorimetric methods for silver. 

FROM an examination of the literature it is apparent that there is considerable need 
for a selective calorimetric reagent for silver without the disadvantages of the existing 
organic reagents, dithizone and the rhodanine derivatives.l We felt it was unlikely 
that much success could be gained by designing similarly constituted reagents and 
have pursued a rather different approach to the problem. 

We have previously described the use of pyrogallol red as a spectrophotometric 
reagent for silver ions.2 This reagent forms a yellow complex [&,,, = 390 mp, 

E390 nw = lO,OOO] with silver, but the colour development is protracted. The bromo- 
substituted reagent, bromopyrogallol red, behaves similarly and also forms a yellow 
colour. Subsequently, in the course of examining the use of l,lO-phenanthroline as 
a masking agent, we discovered that the presence of the latter caused a dramatic 
change in the course of the reaction between silver ions and the reagent. Instead of 
the slow removal of the red colour of the pyrogallol red, with the formation of a 
yellow colour of much lower intensity, we observed an instantaneous formation of a 
blue coloured solution of very high intensity. Because the colour formation was 
very rapid, sensitive and unaffected by the mass masking agent, EDTA, it was decided 
to investigate the reaction and develop it for the determination of trace amounts of 
silver. 

The blue colour may be produced by the addition of a silver nitrate solution to an 
aqueous solution of l,lO-phenanthroline and pyrogallol red, buffered to pH 7 with 
ammonium acetate. The use of bromopyrogallol red increases the sensitivity of the 
reaction, which can be obtained over the pH range 3-10, although the optimum pH 
appears to be cu. 7. At pH values greater than 7 there is a risk of reagent oxidation, 
which becomes appreciable at pH > 9. The absorption of the bromopyrogallol red 
and l,lO-phenanthroline system at 560 rnp decreases with increasing amounts of 

* Present address: Department of Chemistry, Imperial College, London S.W.7, England. 
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silver and at the same time, another absorption peak builds up at 635 rnp. The ratio 
of silver:bromopyrogallol red, as deduced from this experiment at the position of 
maximum colour development, is 2: 1 (c$ Fig. 1). It is worthy of note that the re- 
action is instantaneous. With more concentrated solutions of silver nitrate (ca. 10-3M) 
a blue gelatinous precipitate settles out on standing, but with lower concentrations of 
silver (cu. 10e5M) there is no obvious precipitation over a period of 2-3 days. Lastly, 
a considerable excess of l,lO-phenanthroline (cu. a lo-fold mole excess over silver) 
is required to give maximum colour formation. 

(a) 

'oo700 
I 

600 
Wavelength, mp 

I 

500 

FIG. I.-Transmission spectra: 

(a) 5 ml of 10-&M bromopyrogallol red plus 1 ml of iO-JM l,lO-phenanthroline + 1 ml 
of 20X ammonium acetate diluted to 50 ml with distilled water. 

(b) As (a) plus 5’ml of 1O-6 M silver nitrate. 
(c) As (a) plus 10 ml of 1O-5 M silver nitrate. 

(Measurements made at 635 rnp in 4-cm cuvettes with Beckman D.B. spectrophotometer.) 

Preliminary calibration curves for silver in the range l-10 ,ug (0.02-02 ppm) 
gave linearity only for 4-10 pg of silver. This appeared to indicate either the presence 

of a weak complex or the existence of a precipitate, the solubility product of which 
had not been reached with very small amounts of silver. There was no excess bromo- 

pyrogallol red at the upper silver limit (10 pg) in these experiments. The calibration 

curve was repeated using a 2-fold mole excess of bromopyrogallol red together with 
a lo-fold mole excess of l,lO-phenanthroline (both relative to silver). EDTA (lOOO- 
fold mole excess over silver) was also incorporated into the solution as a convenient 
masking agent for cations which would interfere by reacting with bromopyrogallol 
red [e.g., lead(II)], with l,lO-phenanthroline [e.g., iron(II)] or both [e.g., mercury(H)]. 
By measuring the absorbance at 635 rnp in 4-cm cuvettes against a blank containing 

no silver, linearity was obtained from l-10 pg (0*02-0*2 ppm) of silver. The solution 

colours slowly faded on standing, but were quite stable for 0.5 hr after preparation 

and subsequent dilution to 50 ml. The order of addition of reagents was unimportant. 
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Interferences 

The permissible level of cation concentration, other than silver, depends largely 
on the concentration of EDTA employed, because it is intended that EDTA should 
function as the principal masking agent. Solutions were prepared, therefore, con- 
taining ca. 10 ,ug of silver (ca. 0.2 ppm), under the normal optimum conditions 
necessary for the preparation of a calibration curve. Each solution contained, in 
addition, varying concentrations of EDTA from a lOO- to lO,OOO-fold mole excess 
over silver. It was found that there was no significant change in the absorbance of any 
of the solutions at 635 m,u. It should, therefore, be possible to determine silver in the 
presence of very large excesses of extraneous cations provided that they form rea- 
sonably stable EDTA complexes at pH 7, and that these complexes do not absorb 
appreciably at 635 rnp. Table I shows the effect of cu. a lOO-fold (g ion) excess of 
various cations over silver in the presence of a l,OOO-fold (mole) excess of EDTA. 

TABLE I 

Cation8 Absorbance” 
Deviation 

from blank 

Agf (blank) 0.355 
Ag+ + AIs+ 0.354 
Ag+ + Aua+ 0.258 
Ag+ + Ba2+ 0.352 
Agf + BiS+ 0.352 
Ag+ + Ca?+ 0.350 
Agf + CdZ+ 0.349 
Ag+ + Ce3+ 0.357 
Ag+ + Co2+ 0.361 
Ag+ + Cra+ 0.357 
Ag+ + Cu2+ 0.357 
Ag+ + Fez+ 0.010 
Ag+ + Fea+ 0.350 
Ag+ i Hg2+ 0.352 
Ag’ + LaS+ 0.361 
Ag+ + Mg2+ 0.360 
Ag+ + Mn2+ 0.357 
Ag+ + Nb(V) 0.002 
Ag+ + Ni2+ 0.351 
Ag+ + Pb2+ 0.360 
Ag+ + Pd”+ 0.356 
Ag+ + Th*+ 0.060 
Ag’ + Tl+ 0.353 
Ag+ + T?+ 0.359 
Ag+ + U(VI) 0.005 
Ag+ + Zn2+ 0.355 

a In a lOO-fold g ion excess over silver. 
b At 635 m,u in 4-cm cuvettes. 

- 
-0~001 
-0.097 
-0.003 
-0@03 
- 0.005 
-0.006 
+ oGO2 
+ 0.006 
+ 0+)02 
t- 0.002 
-0.345 
-0@05 
-0~003 
+0.006 
+0@05 
+ oGO2 
-0.353 
-0w4 
+ 0.005 
+0@01 
-0.295 
- 0.002 
+0.004 
-0.350 
+owO 

Except for gold(III), iron( niobium(V), thorium(IV) and uranium(VI), the 
deviation from the expected results is not greater than f 0.006 absorbance unit, 
i.e., > 1.6% at a silver level of 0.18 ppm. 

The red coloured tris-l,lO-phenanthrolinium iron(I1) complex was produced with 
iron and l,lO-phenanthroline but its effect could be overcome by the addition of 
a sufficiently large excess of l,lO-phenanthroline to complex all of the iron(I1) and to 
react with the silver-bromopyrogallol red. It does not absorb at 635mp. Uranium(VI), 
thorium(IV) and niobium(V) interfere because they all form blue-coloured complexes 
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with bromopyrogallol red. However, these interferences could be eliminated com- 
pletely at moderate concentrations of these cations [IO-fold (g ion) excess over silver], 
by the addition of excess of fluoride for uranium and thorium, and of hydrogen 
peroxide for niobium. Only gold(II1) continued to cause interference by producing 
a green-blue coloured precipitate. 

It is obvious from this investigation that only silver and gold(IIl), of those ions 
examined, give, with I,lO-phenanthroline and bromopyrogallol red, ternary complexes 
which absorb at 635 m,u. Other complexes produced are complexes of either bromo- 
pyrogallol red or 1, lo-phenanthroline. 

Several anions were also examined at a level of a IO- to lOO-fold mole excess over 
silver. There was no interference from acetate, bromide, carbonate, chloride, citrate, 
fluoride, nitrate, oxalate, sulphate, sulphite or phosphate. In addition, there was 
no interference from an appreciable excess of hydrogen peroxide, which is used to 
mask niobium(V). Only cyanide and thiosulphate were observed to interfere. Both 
of these ions completely inhibited formation of the blue ternary complex between 
silver and the reagents. 

Reaction mechanism 

The nature of this reaction in aqueous solution suggests that the colour is de- 
pendent on the formation of a precipitate. This is further indicated by its inability to 
extract into organic solvents; a blue precipitate normally settles out at the interface. 

The composition of the complex was investigated by the following methods. 

(a) Photometric titration 

(i) Bromopyrogallol red vs. silver nitrate (in excess I,lO-phenanthroline). The 
ratio of reagent:silver at the end-point of the titration was 1 :I*95 (i.e., 1 :2). 

(ii) Bromopyrogallol red plus silver nitrate (I:2 ratio) vs. I,lO-phenanthroline. 
The ratio of reagent plus silver:I,IO-phenanthroline at the end-point of the titration 
was 1:525. There was no excess of any one reagent throughout this titration. The 
actual amount of I,lO-phenanthroline will probably be less than the above because 
of the amount necessary to form and stabilise the precipitate. 

(b) Job plots 

(i) Bromopyrogallol red:silver ratio (in excess I,lO-phenanthroline). A continuous 
variation plot indicated a reugent:silver ratio of 1:2.16 (i.e., 1:2) [Fig. 2(a)]. 

(ii) Bromopyrogallol red: I,lO-phenanthroline ratio (in excess silver nitrate). In 
this instance a reagent:l,lO-phenanthroline ratio of 4:16 was given (i.e., 1:4) [Fig. 

2@)1- 
(iii) l,IO-ph en n wo me:siIver ratio (in excess bromopyrogallol red). Here the I, lo- a tl 1’ 

phenanthroline:silver ratio was 13*85:6.15 (i.e., 2: I) [Fig. 2(c)]. 
Thus, the over-all ratio of the reagents employed is (silver),:(phen),:(BPR),. 

(c) Potentiometric measurements 

Potentiometric titration was investigated in order to show up differences in the 
reaction between Ag+/BPR on the one hand and Ag+/phen/BPR on the other. Silver 
is well known to form a co-ordinately-bound complex with l,lO-phenanthroline. 
It was felt possible that the BPR was reacting in some way with a [phen-Ag-phen]+ 
complex or that the l,lO-phenanthroline was reacting with an Ag+/BPR chelate by 
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FE. 2-Job plots: 

(a) ~romopyrogallol red-silver (in excess l,l~phena~thro~ine): V~yjn~ ratios of 
IWs M bromopyrogalio~ red and silver nitrate plus 1 ml of 20% ammonium acetate and 
1 ml of lo-*kf l,lO-phenanthroline diluted to 50 ml with distilled water. Absorbance 

measured at 635 rnp in Ccm cuvettes. 
(b) Bromopyrogallal red-l,lO-phenanthroline (in excess silver nitrate): Varying ratios 
of IO-* M bromopyrogallol red and I,lO-phenanthroline plus 1 ml of 20% ammonium 
acetate and 5 ml of lo-4M silver nitrate diluted to 50 ml with distilled water. Absorb- 

ance measured at 635 rnp in 4-cm cuvettes. 
(c) 1 ,~O-Phe~anthroljne-silver (in excess bromopyrogallo~ red) : Varying ratios of 
lO-4M I ,lO-phenanthroline and silver nitrate plus 1 ml of 20 % ammonium acetate and 
20 ml of IO-*&f bromopyrogailoi red diluted to 50 ml with distihed water. Absorbance 
measured at 635 m/k in l-cm cuvettes. (Bromopyrogallol red solution prepared in 1 T/, 

ammonium acetate.) 

taking up co-ordination sites on the chelated silver ions. In the f&t instance the 
mechanism of colour production was likely only to involve ion-association or surface 
adsorption of the BPR on a colloidal [phen-Ag-phen]+ salt, whiist in the second 
instance chelate formation with concomitant release of H+ would be involved. 
Accordingly, this study was made to try and resolve which mechanism was the more 
probable. 
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Three types of curve were constructed: 
1. titration of BPR with alkali, 
2. titration of BPR + Ag+ with alkali, 
3. titration of BPR + l,lO-phenanthroline + Ag+ with alkali. 

It is obvious from the shape of the titration curves obtained that the silver :1,10- 
phenanthroline:bromopyrogallol red reaction is in no way related to the bromo- 
pyrogallol red-silver reaction. The half-wave pH for the titration of bromopyrogallol 
red with standard alkali occurs at ca. pH 8 and at 2 moles of base to 1 mole of reagent, 

30 
I I I I 
I 2 3 4 

Volume (ml1 of IQ’M NoOH 

FIG. 3-Potentiometric titration of bromopyrogallol red (50 ml of 10-aM reagent us. 
10-1&f sodium hydroxide). 

i.e., liberation of 2 hydrogen ions (cJ Fig. 3). This is, in fact, very similar to the 
titration of bromopyrogallol red plus silver nitrate plus l,lO-phenanthroline with 
standard alkali (cJ Fig. 4). However, the titrations of bromopyrogallol red and 
silver (cJ Fig. 5) give, not only more than one inflection, but also a considerably 
lower half-wave pH for the first inflection (ca. pH 5-O-5.5). Consequently, only in 
this latter instance is direct chelate formation indicated. Because the liberation of 2 
hydrogen ions in the former titrations corresponds to the ionisation of the sulphonic 
acid and 1 hydroxyl group of bromopyrogallol red, the resulting silver/l,lO-phenan- 
throline/bromopyrogallol red product is likely to be an ion-association system 
[(phen-Ag-phen)+], BPR2-. 

DISCUSSION 

The colour reaction described, using EDTA as masking agent, is reliably and 
virtually completely free from all cationic interference. In addition, with a molar, 
extinction coefficient of 51,000 (cJ Table II), it is the most sensitive of all calorimetric 
silver reagents known to US. 

The system l,lO-phenanthroline/bromopyrogallol red has some useful indicator 
properties, e.g., in silver cyanide titrations, etc., although this has yet to be put on a 
more firm basis. The use of bromopyrogallol red as an adsorption indicator has been 

recently described.3 
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FIG. 4--Potentiometric titration of bromopyrogallol red/l,lO-phenanthroline/silver 
(ratio of reagents was 1: 10: 2 with 50 ml of 10-8M bromopyrogallol red). 

Volume (ml) of IO-‘M NOOH 

FIG. 5--Potentiometric titration of bromopyrogallol red/silver (ratio of reagents was 
1: 2 with 50,ml of 10-SM bromopyrogallol red). 

TABLEII 

Method 
Molar extinction 

coefficient (c) 

Phen/BPR 
Dithizone 
p-Dimethylamino- 

benzylidenerhodanine 
c&d-Tetraphenylporphine 

5 1,000 (635 m,u) 
30,500 (462465 m,u) 

23,200 (595 m,u) 
39,000 (425 m,u) 
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The evidence obtained so far indicates either that we are dealing with an ion- 
association system between BPR2- and [phen-Ag-phen]+ or that the dyestuff BPR is 
physically adsorbed on the surface of a colloidal bis-l,lO-phenanthrolinium-silver(I) 
salt. On currently accepted theories which explain the mechanism of the indicator 
action of adsorption indicators, it is readily possible thus to explain the formation of 
the blue colour-body in these experiments. Also, such an explanation is consistent 
with the destruction of the colour system by fairly large excesses of indifferent 
electrolytes, such as potassium nitrate. On the other hand, the stoichiometric ratios 
observed in the reaction between BPR2- and [phen-Ag-phen]+ tend to support the 
hypothesis that a stoichiometric compound is formed between the two rather than 
simple adsorption. It is also possible to explain the breakdown of the colour body by 
potassium nitrate, for example, on the basis of competition between the anions, NO,- 
and BPR2-, in setting up the ion-association complex. It remains to be explained, 
however, why the blue colour of the ion-association system is different from that of 
the yellow-white Ag(phen),+ ion and the red BPR2- ion. A possible explanation is 
that a charge-transfer occurs between the oxidisablesilver(I)ioninthe [phen-Ag-phen] + 
part of the system and the reducible quinoid group in the associated BPR2- molecule. 
Certainly, the intensity and sharpness of the adsorption band (c) at 630 m,u (Fig. 1) 
is consistent with this hypothesis. 

This argument also raises the interesting speculation that the colour action of 
many adsorption indicator systems may be explained similarly on the basis of charge 
transfer mechanisms rather than on the currently accepted adsorption/electronic 
distortion theory. These matters are being further investigated and will be reported 
at a later date. 

We also propose to continue this investigation with the aim of replacing bromo- 
pyrogallol red with alternative dyestuffs, which may offer an increase in sensitivity 
and may also eliminate the use of masking agents. This may be realised with dye- 
stuffs which do not contain complexing centres, but nevertheless undergo this type 
of reaction. Work on an extraction system based upon this reaction will be described 
in a subsequent paper. 

EXPERIMENTAL 

Preparation of Calibration Curve 
Reagents 

lo-” M Silver nifrufe. Prepared by dilution of standard O.lM silver nitrate solution. 
1O-3 M l,lO-~~e~a~t~~uZ~~e. 49.56 mg of analytical reagent grade l,lO-phenanthroline dissolved 

in and diluted to 250 ml with distilled water. 
1O-4 M 3ro~op~ro~a~io~ red. 13.96 mg of bromopyrogallol red plus 2.5 g of analytical reagent 

grade ammonium acetate dissolved in and diluted to 25Oml with distilled water. This solution 
should be discarded after 5 days. 

20% Ammonium acetate. 20 g of analytical reagent grade ammonium acetate dissolved in and 
diluted to 100 ml with distilled water. 

10-l M EDTA. 3.7225 g of analytical reagent grade disodium salt dissolved in and diluted to 
100 ml with distilled water. 

Apparatrrs 

Unicam SP 600 s~ctrophotometer with 4-cm cuvettes. 

Procedure 

Pipette l-10 ml of the 1O-J M silver nitrate solution into %-ml volumetric flasks containing 1 ml 
of 10-l M EDTA solution, 1 ml of 1O-s M l,lO-phenanthroline solution, 1 ml of 20% ammonium 
acetate solution and 2 ml of 10M4 M bromopyrogallol red solution. Dilute the solutions to 50 ml 
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with distilled water and measure the absorbance immediately, or within 30 min, in 4-cm cuvettes at 
635 m,u against a blank, containing all of the reagents except silver. 

A plot of absorbance against concentration of silver gives a straight line graph over the range 
l-10 pg of silver: 

1 ml of 1O-5 M AgNO, 3 1.0787 pg of Ag. 

Determinations 

Take an aliquot of the silver test solution (l-10 ,ug of silver in not more than 3040 ml of solution) 
through the above procedure. If iron(I1) is present, add sufficient l,lO-phenanthroline to complex it 
completely and to react with the silver and bromopyrogallol red. When uranium(VI), thorium(IV) 
or niobium(V) is present, add sufficient fluoride (for the first two) or hydrogen peroxide (for the 
last) to complex it before developing the colour with silver. The silver content is obtained from 
the calibration curve. 

Acknowledgment-We wish to express our thanks to Professor R. Belcher for his interest in and 
support of this work. 

Zusammenfassung-Brompyrogallolrot (BPR) und l,lO-Phenanthrolin 
(phen) k&men als Reagentien zur spektralphotometrischen Bestim- 
mung von Silberionen in wauriger Losung von 0,0220,20 ppm ver- 
wendet werden. Photometrisch und potentiometrisch wurde gezeigt, 
daI3 der blaue ternire Komplex, der bei 635 rnp absorbiert, hochst- 
wahrscheinlich em Ionenassoziat [(phen-Ag-phen+], BPRe- ist. Wenn 
man mit EDTA, Fluorid und Wasserstoffperoxyd maskiert, ist die 
Farbreaktion such bei hundertfachem f_)bershuB von Fremdionen 
tiber Silber (24 Kationen und 11 Anionen wurden untersucht) storungs- 
frei. Nur Gold(III), Cyanid und Thiosulfat St&ten. Mit einem 
molaren Extinktionskoeffizienten von 51,000 ist die Farbreaktion 
wahrscheinlich die empfindlichste aller bekannten kolorimetrischen 
Silberbestimmungsmethoden. 

R&un&On peut utiliser le rouge de bromopyrogallol (BPR) et la 
l,lO-phenanthroline (phen) comme systeme reactif pour le dosage 
spectrophotometrique des ions argent en solution aqueuse, aux con- 
centrations comprises entre 0,02 et 0,20 p.p.m. Les methodes photo- 
mttrique et potentiometrique montrent que le complexe temaire 
colore en bleu, qui absorbe a 635 mp, est trts probablement une 
association ionique [(phen-Ag-phen)+], BPRB-. A des concentrations 
en ionsgramme 100 fois superieures ii celle de l’argent, 24 cations et 
11 anions etudies n’interferent pas dans la reactions colored, I’EDTA, 
le fluorure et l’eau oxygenee &ant utilids comme agents dissimulants. 
On a trouve que seuls l’or(III), le cyanure et l’hyposulfite interferent. 
Avec un coefficient d’absorption moleculaire de 51,000 cette reaction 
colon& est probablement la plus sensible de toutes les methodes 
colorimetriques connues pour I’argent. 
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PRELIMINARY COMMUNICATION 

Applications of precipitate membranes in analytical chemistry 

(Received 18 August 1964. Accepted 18 August 1964) 

RECENTLY, several analytical procedures have been introduced which are based in some manner on 
the solubility of precipitates, on exchange reactions taking place with precipitates or on some other 
properties of precipitates. These include, for example, indirect calorimetric determination of anions 
with the aid of sparingly soluble metal chloranilates,’ radiometric titrations using solid precipitate 
indicators,e and procedures involving radioactive precipitate exchange.s 

However, all of these processes have the common drawback of requiring the separation of a 
precipitate from solid-liquid (aqueous) phases after the relevant reaction has reached equilibrium. In 
general, separation is carried out by f&ration or centrifuging and the time required for the deter- 
mination is thereby appreciably lengthened. Furthermore, in attempting to evolve automated 
techniques, difficulties are encountered when filtration or centrifuging is necessary. 

These drawbacks can be eliminated when, instead of transferring the precipitate (which serves 
as the basis of the conventional method) in the form of a suspension to the solution containing the 
component to be determined, a precipitate fixed to a carrier is utilised. According to our experi- 
ments, chromatographic filter paper lends itself excellently to use as a carrier in that the precipitate 
is formed between the fibres of the paper. A precipitate membrane prepared in this way is fixed to a 
suitable framework, then immersed in the solution containing the component to be determined. 
Membranes of this type can be readily stored in the dry state, and when immersed in a solution, they 
behave exactly as freshly prepared precipitates. Suitably prepared membranes can be used for a great 
number of determinations, provided they are rinsed with water after each separate determination. 
Of the filter papers Whatman 1, Whatman 3, Whatman 4, Schleicher & Schtlll2043 b and Nagel 62 
so far tested, Whatman 1 and Schleicher & Schiill2043 b have proved best suited for the preparation 
of membranes. On applying such membranes, filtration or separation by centrifuging of the solid- 
liquid phases becomes superfluous. 

In practice, the method is carried out as follows. The precipitate membrane, attached to a suitable 
framework, is immersed in a solution containing a component to be determined, then the solution is 
stirred or circulated until the equilibrium of the analytical reaction in question is set up. 
the extinction or radioactivity of the pure solution is measured. 

Subsequently, 

In our preliminary experiments, the following determinations have been carried out with the aid 
of precipitate membranes:- 

1. Indirect calorimetric determination of sulphate ions with the aid of a precipitate membrane 
of barium chloranilate. 

2. Radiometric titration of calcium ions with EDTA solution as titrant, using a precipitate 
membrane of “OAgIO,. 

3. Determination of cyanide ions by radioactive precipitate exchange, using a precipitate mem- 
brane of e08Hg(I0,),. 

In all three cases, the results were in good agreement with those obtained by the more conventional 
techniques. Work is in progress to extend the fields of application of precipitate membranes and to 
design automatic analysing devices based on the use of precipitate membranes. 
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Summary-The need for separation of a precipitate in the indirect 
calorimetric determination of anions with the aid of sparingly soluble 
metal chloranilates, in radiometric titrations using solid precipitate 
indicators and in procedures involving radioactive precipitate exchange, 
has been eliminated by the use of precipitate membranes. 

Zusammenfassung-Bei der indirekten kolorimetrischen Bestimmung 
von Anionen mittels schwerloslichen Metall-Chloranilaten, bei radio- 
metrischen Titrationen mit festen gefallten Indikatoren und bei 
Verfahren mit radioaktivem Austausch in Fallungen wurde die Not- 
wendigkeit, den Niederschlag abzutrennen, durch Gebrauch gefallter 
Membranen beseitigt. 

R&sum&Par l’emploi de membranes de precipite, on a Climine la 
necessite de s&parer un precipite lors du dosage colorimetrique indirect 
d’anions a l’aide de chloranilates metalliques faiblement solubles, 
lors de dosages radiometriques utilisant des indicateurs a l’etat de 
precipite solide, et lors d’emploi de techniques comprenant un echange 
radioactif dans un pr&ipite. 
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SHORT COMMUNICATIONS 

Contributions to the basic problems of complexometry-XVI:* Determination of 
thorium and scandium in the presence of each other 

(Received I January 1964. Accepted 27 July 1964) 

RECENTLY we have described the determination of zirconium, thorium and titanium in the presence 
of each other’ and the successive determination of thorium, rare earths and some other elements2 
However, the determination of thorium and scandium in their mixtures has not yet been solved. 
With EDTA these elements form complexes of the same strength (pKThY = 23.2, pKsCY = 23.1) 
and their sum can be readily determined. e.g., by direct titration with EDTA at pH 2.5-4 using 
Xylenol Orange as indicator. Obviously, their separate determination in the same solution is impos- 
sible unless a highly selective masking agent for one or the other element can be found and this is 
unlikely. 

During some preliminary experiments we observed an interesting phenomenon in the behaviour 
of the Th- and SC-EDTA complexes. Both complexes are quite stable in acidic media (pH 24). 
In solutions of pH higher than 5, however, the Th-EDTA complex again reacts with Xylenol Orange 
and forms a red-violet colour; the SC-EDTA complex remains unchanged under these conditions. 
We deduced that, under given conditions of acidity and in the presence of another complexing agent 
X, it would be possible to shift the following equilibrium completely to the right 

ThY + X +ThXtY (1) 

and hberate all of the EDTA bound to the thorium. Our previous experience% with the reaction 
between thorium and TTHA (triethvlenetetraminehexa-acetic acid) and DTPA (diethvlenetriamine- 
penta-acetic acid) is in accordance with these findings. The Th-TTHA and Th-DTPA complexes 
do not undergo a colour reaction with Xylenol Orange at pH 2-6. The use of DTPA cannot be 
considered for the displacement reaction (1) because, like EDTA, it forms 1: 1 complexes and the 
equilibrium cannot be followed complexometrically by titration of the free X and Y. The situation 
is quite different if one uses TTHA, which forms 2: 1 complexes with bivalent cations in a slightly 
acidic medium and has alreadv been nronosed with advantage as a complexometric reagent.3 Reaction 
(1) can then be followed verysimply by-titration with zinc solution at pH 5-5.5 using kylenol Orange 
as indicator. Determination of the liberated EDTA and of the excess TTHA occurs smoothlv , 
according to the reactions: 

EDTA + Zn 4 ZnEDTA (2) 

TTHA + 2Zn 4 Zn,TTHA (3) 

Suppose that an equivalent amount of TTHA is added to a solution of the Th-EDTA complex. 
The equilibrium is given by 

Th-EDTA + TTHA + Th-TTHA + EDTA (4) 

If this reaction does not occur at all, the consumption of zinc corresponds to reaction (3); if it 
occurs quantitatively the consumption of zinc corresponds to reaction (2) and is halved. In the 
same way one should be able to test the following reaction of scandium 

SC-EDTA + TTHA ---f SC-TTHA + EDTA (5) 
We have now shown experimentally that reaction (5) for scandium does not take place at all, 

and that reaction (4) for thorium proceeds quantitatively. This difference in behaviour of thorium 
and scandium enables their complexometric determination to be made in mixtures over a wide range 
of concentration ratios. 

EXPERIMENTAL 
Reagents 

0.05M EDTA solution. Prepared by dissolution of 18.61 g of Chelaton (Lachema, Brno, 
Czechoslovakia) in 1 litre of redistilled water and standardisation by titration against lead nitrate 
using Xylenol Orange as indicator. 

* Part XV; see Tulunta, 1964, 11, 1319. 
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0.05M TTHA solution. Prepared by dissolution of 24.723 g of the free acid (J. R. Geigy, Base], 
Switzerland) in 100-200 ml of 1M sodium hydroxide, with warming, then diluting to 1 litre. This 
solution was also standardised complexometrically. 

0.05M Zinc nitrate solution. Prepared by dissolution of 14874 g of Zn(NO,), . 6H,O in 1 litre 
of water. 

O.OSM Thorium nitrate solution. Prepared by dissolution of 27.656 g of Th(NO,), . 4H,O in 
70 ml of nitric acid (1 + 1) and dilution to 1 litre (1 ml of solution = 11.6025 mg of thorium). 

0.05M Scandium nitrate solution. Prepared by dissolution of 3.45 g of Sc,O, in 70 ml of nitric 
acid (1 + 1) and dilution to 1 litre (1 ml of solution = 2.248 mg of scandium). 

Bu@r solution (pH 3). Prepared by neutralisation of 2M monochloracetic acid with aqueous 
ammonia (1 + 1) under potentiometric control with a glass electrode. 
Other reagents include: 1M nitric acid, solid urotropine, 05 % Xylenol Orange. 

Procedure 

Determination of sum of thorium and scandium. Thorium is readily determined by the well known 
direct titration with 0.05M EDTA at pH 2.5-4 using Xylenol Orange as indicator.* Titration of 
scandium under these conditions gives a somewhat sluggish end-point at room temperature. There- 
fore, the combined titration of the two elements should be carried out in hot solution (50”). The 
colour change of the indicator from red-violet to lemon yellow is very sharp. 
Determination of thorium. After the above titration with EDTA, add to the hot solution an excess of 
0.05MTTHA and adjust the pH to 5-5.5 with solid urotropine. Stand for 5 min, stirring occasionally. 
During this time reaction (4) proceeds quantitatively (even if a large amount of thorium is present). 
Titrate the excess of TTHA and the liberated EDTA with zinc solution [reactions (2) and (3)]. 

Calculations 

Second titration: 2(ml of 0.05M TTHA) - ml of 0.05M Zn = ml of 0.05M Th. 

First titration: ml of 0.05&f EDTA - ml of 0.05M Th = ml of 0.05M SC. 

DISCUSSION 

Table I shows a number of results using the above procedure for different concentration ratios 
of thorium and scandium (100: 1 and 1:4). The last ratio can hardly be raised. Because of the atomic 
weights of thorium and scandium the ratio 1:4 appears as 1: 20 in the consumption of EDTA. 
The method can only be applied to pure solutions of thorium and scandium, but these can easily 

TABLE I.-DETERMINATION OF THORIUM AND SCANDIUM IN PRESENCE OF 

EACH OTHER 

Taken, mg 

Th SC 

0.05M 0.05M Back titre 
EDTA TTHA with Found, mg Difference, mg 

consumed, added, O.OSMZn, --~ --__ 
ml ml ml Th SC Th SC 

-__ ~_____________ - 
11.13 2.34 2.11 5.09 9.12 11.23 2.36 +0.10 to.02 
11.13 11.69 6.30 5.09 9.09 1155 11.71 10.42 +0.02 
11.13 23.30 11.48 2.04 2.98 11.65 23.33 to.52 -0.07 
11.13 46.80 21.95 5.09 9.818 3.93 48.51 - 7.208 f1.71 
33.29 7.01 6.30 10.18 17.30 3244 7.06 -0.85 + 0.05 
55.45 2.34 6.28 10.18 15.03 56.51 2.14 + 1.06 -0.20 

111.11 2.34 11.55 12.22 14.49& 105.49’ 3.59 --5.628 11.25 
166.56 2.34 16.75 22.40 29.20 16540 2.58 -1.16 +0.24 

16.66 8.66 5.43 5.09 8.57 17.07 8.59 +0.41 -0.07 
111.11 23.40 20.99 12.22 14.03 110.38 23.78 -0.73 +0.38 
222.22 46.80 41.90 25.43 30.08 220.32 47.47 -1.90 iO.67 

11.13 46.80 21.85 5.09 9.05 11.98 46.58 +0.85 -0.22 
5.55 23.40 11.08 1.02 1.52 5.55 23.55 0 +0.15 

111.11 1.17 11.03 15.27 20.20 109.63 1.55 -0.48 t-O.38 

* Titration with zinc solution carried out immediately after addition of TTHA and adjustment 
of PH. 
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be obtained by precipitation of the thorium and scandium from a triethanolamine medium, which 
separates them from iron, aluminium and other metals6 

Analytical Laboratory 
Polarographic Znstitute 
Czechoslovak Academy of Sciences 
Prague 1, Jilskd 16 
Czechoslovakia 

RUDOLF PRIBIL 
VLADIMfR VESELP 

Summary-The first titrimetric determination of thorium and scandium 
in the presence. of each other is described. It is based on complexo- 
metric determination of their sum with EDTA at pH 2.5-3.5 using 
Xylenol Orange as indicator. After the addition of an excess of TTHA 
(triethylenetetraminehexa-acetic acid) and adjustment of the pH to 
5-5.5, the following displacement reaction then takes place: 

Th-EDTA + TTHA -+ Th-TTHA + EDTA 

while the SC-EDTA complex remains unchanged. The liberated EDTA 
and excess of TTHA are determined by titration with a solution of 
zinc, which forms 1:l and 2:l complexes with EDTA and TTHA, 
respectively. From the consumption of zinc solution the amount of 
thorium is calculated. 

Zusammenfassung-Die erste Methode zur volumetrischen Bestim- 
mung von Thorium und Scandium wird beschrieben. Zuerst wird die 
Summe beider komplexometrisch mit EDTA und Xylenolorange bei 
pH 2,5-3,5 bestimmt. Nach Zugabe eines Uberschusses TTHA 
(Triathylenstetraminhexaessigsaure) und Einstellung auf pH 5,0-5,5 
findet folgende Verdrlngungsreaktion statt: 

Th-EDTA + TTHA -+ Th-TTHA -+ EDTA. 

Der Scandium-EDTA-Komplex reagiert nicht mit TTHA. Die 
freigesetzte EDTA und der Uberschuss von TTHA wird dann mit 
Zir&lBsung bestirrunt; Zink bildet mit EDTA bzw. TTHA einen 
1 :l- bzw. 2: 1-Komplex. Aus dem Zinkverbrauch wird die Thorium- 
menge berechnet. 

Rbsrnn&-On ddcrit la premiere methode de dosage volumetrique du 
thorium et du scandium. Elle est basee sur le dosage complexo- 
metrique de la somme au moyen d.EDTA et de Xylenol Orange a 
pH 2,5-3,5. Aprb addition d’un exc& de TTHA (acide tribthylene- 
tetramine-N, N, N’, N”, N’“, N”-hexacetique) et adjustment du pH a 
5,0-5,5, la reaction de deplacement suivante se produit: 

Th-EDTA + TTHA -+ Th-TTHA + EDTA 

(cependant que le complexe SC-EDTA ne reagit pas avec TTHA). 
L’EDTA lib&C et l’ex& de TTHA sont alors determines par dosage 
avec une solution de zinc, qui forme avec l.EDTA et le TTHA des 
complexes 1: 1 et 2 : 1 respectivement. On calcule la teneur en thorium 
a partir de la quantite de solution de zinc consommee. 
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The spectrophotometric determination of mercury in selenium 

(Received 7 May 1964. Accepted 16 August 1964) 

IN the determination of high purity selenium, mercury is an important impurity. At the level of 
1 ppm, the precision of the blanks becomes most important. This paper discusses a dithizoner-” 
procedure with low consistent blanks, in which the other impurities, normally found in selenium, 
are non-interfering. 

EXPERIMENTAL 
Reagents 

Standard mercury solution: 1 pg per ml in 0.5M sulphuric acid. Dissolve 0.1354 g of HgCl, in 
exactly 1000 ml of 0.5M sulphuric acid. Dilute 5 ml of this solution to exactly 500 ml with 0.5M 
sulphuric acid. 

Selenium: 99.999 % purity. 
Dithizone: Chloroform solution (8.0 mg per 500 ml of chloroform). Dissolve 0.160 g of dithizone 

in 200 ml of chloroform. Dilute a lo-ml aliquot to 500 ml with chloroform. 
B@kring and complexing solution: Dissolve 100 g of sodium acetate, 10 g of EDTA and 20 g of 

sodium thiocyanate in 500 ml of water. 
Sulphuric acid: 0.5M 
Aqueous ammonia : 

Procedure 

Sample dissolution procedure : Dissolve the sample of selenium in a minimum amount of nitric 
acid (1: l).O Transfer the solution to a volumetric flask such that aliquots containing 0.5 g of selenium 
will be contained in 25 ml or less. If the volume is less than 25 ml, adjust it with water. 

To the aliquot of sample, add 20 ml of buffering solution and immediately adjust the pH to 
4.5-5.0 with sulphuric acid (0.5M). Transfer the solution to separatory funnel A, and add 10 ml of 
the dithizone-chloroform solution. Shake for 2 min and allow the layers to separate. Reserve the 
lower layer in a second separatory funnel, B. Add lOm1 of chloroform to the aqueous layer of 
separatory funnel A, and shake for 0.5 min. Drain the lower layer into separatory funnel B. Discard 
the aqueous layer. To separatory funnel B add 50-60ml of water and 13-15 drops of aqueous 
ammonia. Extract for 30 set, allow the layers to separate, and drain the chloroform layer into 
separatory funnel A. Discard the aqueous layer. To separatory funnel A add 50-60 ml of water and 
13-15 drops of aqueous ammonia. Extract for 30 set and reserve the chloroform layer in a dry 
25-ml volumetric flask. Make to volume with absolute ethanol. Determine the absorbance in a 
Beckman DU Spectrophotometer in 5-cm cells at a wavelength of 495 rnp. 

RESULTS 

TABLE L-PRECISION OF BLANK SOLUTIONS 

Blank Absorption (495 mp/5 cm) vs. water Deviation from average 

0.012 0.003 
0.012 -0GO1 
0.011 -0.002 
0.012 -0+)01 
0.018 + 0.005 
0.020 + 0.007 
0.011 -0GO2 
0.012 -0@01 

Average = 0.013 Average = &OGI3 
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TABLE II.-STANDARD CURVE BYMONO-COLOUR METHOD’ 

Hg, Icg 

Corrected absorption 
for 0.016 

Absorption (495 rnp/S cm) average blank Absorption/l ,~g of Hg 

0 0.011 
0.012 
0.018 
0.020 

5 0.318 
0.320 

10 0.610 
0.614 

15 0.935 
0.930 

Average 
0.016 

0.302 0.0604 
0.304 0.0608 
0.594 0.0594 
0.598 0.0598 
0.919 0.0613 
0.914 0.0609 

Average = 0.0604 
Factor = 16.7 ,~g of Hg/lGOO 

TABLE III.-STANDARD CURVE BY MONO-COLOUR METHOD WITH 0.5gor SELENIUM 

Hg* ccg Absorption (495 mp/5cm) Corrected absorption Absorption 

0 0.054 
0.057 
0.053 
0.054 

5 0.358 
0.354 

10 0.659 
0.654 

15 0.968 
0.960 

0.054 

0.304 0.0608 
0.300 0.0600 
0605 0.0605 
0.600 0.0600 
0.914 0.0609 
0.906 0.0604 

Average = 0.0603 
Factor = 16.7 ,ug of Hg/lGIO 

TABLE IV.-DETERMINATION OF MERCURY IN SELENIUM SAMPLE 

Sample Sample, g Absorption (495 rnp/S cm) Corrected absorption Hg, pg 

8:;;; ) 0.011 

A 0.500 0028 0.017 0.28 
0.500 0.025 0.014 0.23 

Ai 1OpgofHg 0.500 0.615 0.589a 9.83 
0.500 0.612 0.586a 9.79 

B 0.500 0.028 0.017 0.28 
0.500 0.035 0.024 040 

a Corrected for absorbance of Sample A. 
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CONCLUSIONS 

This procedure seems suitable for the determination of mercury in the low ppm in selenium. There 
is no interference from the presence of up to 25 pg each of silver, lead, or copper. 

Ledgemont Laboratory 
Kennecott Copper Corporation 
Lexington 73, Mass., U.S.A. 

EUGENE N. POLL~CK 

Summary-Microgram quantities of mercury can be determined in 
the presence of as much as 05 g of selenium by a dithizone in chloro- 
form extraction procedure. Common interferences are complexed by 
EDTA and sodium thiocyanate. 

Zusannnenfassung-Mikrogrammengen Hg konnen neben 0,s g Selen 
durch Extraktion mit Dithizon in Chloroform bestimmt werden. 
Haufiger auftrende Stiirungen werden mit EDTA und Natrium- 
rhodanid maskiert. 

R&urn&-En presence d’une quantite de selenium pouvant atteindre 
0,5 g, on peut doser des quantites de mercure de l’ordre du micro- 
gramme par une methode d’extraction a la dithizone en chloroforme. 
Les substances interferentes sont complex&es a I’EDTA et au thio- 
cyanate de sodium. 

REFERENCES 
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Radiochemical separation of cobalt by isotopic exchange 

(Received 29 May 1964. Accepted 26 August 1964) 

LANGER’ in 1942 studied the exchange of silver ions between freshly precipitated silver chloride and 
an aqueous solution of silver nitrate, using radioactive silver tracer. He found that rapid isotopic 
exchange takes place between the silver atoms in the precipitate and the silver atoms in the solution. 
Sunderman and Meinke2 made use of this fact to develop a rapid single-step, high-decontamination 
procedure for the separation of trace amounts of radioactive silver from solutions containing other 
activities. They also applied this technique for the separation of iodine-131s and for the preparation 
of p-ray sources of silver-III.’ 

By the use of isotopic exchange it is possible to devise simple separation procedures, and to 
shorten the existing radiochemical procedures, without sacrificing specificity or yield. In the present 
paper, the technique of isotopic exchange has been applied to develop a rapid procedure for the 
separation of trace amounts of cobalt from aqueous solutions. 

If freshly precipitated cobalt(H) oxalate is agitated with an aqueous solution containing radio- 
isotopes of cobalt, a high percentage of radioactive cobalt will, in a short time, exchange with the 
inactive cobalt in the precipitate. The necessary conditions of the exchange are that the concen- 
tration of inactive atoms in the precipitate should be much greater than that in the solution, and that 
the precipitate should have a low solubility. 
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The separation technique involves a single isotopic exchange step, and can be represented by the 
following reaction : 

coc20, + co**+ + co*c,o, + co2+ 

where the asterisk denotes the radio-isotope of cobalt. 

EXPERIMENTAL 
Apparatus 

International Clinical Centrifge 
Centrifuge cones: Borosilicate glass, graduated, with cone point, 15 ml. 
Planchets: l-inch diameter cupped stainless steel. 
Bottles: One-ounce, flint glass, square narrow mouth bottles with polyethylene screw caps were 

used for agitating the precipitate during separation. They were clamped in a mechanical shaker 
(Wrist-Action Shaker, Burrell Corp., Pittsburgh, Pa., U.S.A.), to which an extension arm of 9 inches 
was connected to give additional radial action. 

Counters: The y-ray measurements were made with a Baird-Atomic Model 810B Scintillation 
well-counter. The @-radioactivity was measured with a Tracerlab Geiger tube TGC-1. 

Cobalt chIoride: May and Baker, analytical-reagent grade. 
Oxalic acid: Baker analysed reagent. 
Potassium chloride: Baker analysed reagent. 
Sodium nitrate: Baker analysed reagent. 
All other non-radioactive reagents used in this work were of C.P. or analysed-reagent grade. 
All radio-isotopes used as tracers were obtained from The Radiochemical Centre, Amersham, 

England. 

Preparation of cobalt(Zl) oxalate 

Add an excess of 1% oxalic acid solution to a 1% solution of cobalt chloride. Digest the precipi- 
tate for 30 min at room temperature, with occasional stirring. Filter, and wash thoroughly with 
deionised water. Wash with acetone, and dry the precipitate in an oven at 90” for about 30 min. 

Isotopic-exchange procedure 

Place in a bottle 10 ml of 05M aqueous oxalic acid solution. Add cobalt-60 tracer (lo”- 
lo5 cpm), and agitate well to ensure thorough mixing. For contamination studies, add radioactive 
tracers (106-lo6 cpm) of the contaminating ions together with 1 yg of cobalt. Remove a 500+1 
aliquot for counting. Add 200 mg of freshly prepared cobalt(R) oxalate precipitate, and shake 
mechanically for 3 min. Transfer the precipitate to a centrifuge cone. Centrifuge at top speed for 
a few set, and remove the supernate. Wash the precipitate thoroughly twice with 1% oxalic acid 
solution and then with acetone. Count in the scintillation well-counter to determine the chemical 
yield. The total time for separation is about 6 min. 

DISCUSSION AND RESULTS 

To investigate the isotopic-exchange behaviour of cobalt, a number of insoluble compounds, 
e.g., cobalt(B) sulphide, cobalt(I1) ammonium phosphate, cobalt(I1) oxalate, were agitated in dif- 
ferent exchange media containing radioactive cobalt tracer. Yields of 21x, 98 % and 85 % were 
obtained for cobalt(B) sulphide, cobalt(I1) ammonium phosphate and cobalt(B) oxalate, respectively, 
when 200 mg of their precipitates were agitated for 5 min in 0.5M sodium nitrate solution. Although 
cobalt(I1) ammonium phosphate showed a high exchange, it did not exhibit good selectivity, prob- 
ably because of the instability of the precipitate. Therefore cobalt(R) oxalate was used in the 
standard precedure. 

To develop an optimum separation procedure, several experiments were performed, in which the 
agitation time, the amount of the precipitate, and the exchange medium were varied. 

Of the various exchange media tried, 0.5M oxalic acid, 0.5M sodium nitrate, 0.5M potassium 
chloride and 0.5M ammonium chloride appeared to be favourable for the exchange, and gave yields 
of 83.6 ‘A, 8193 Ok, 80.5 % and 80.2%, respectively, when 200 mg of the precipitate were agitated for 
3 min. 

The exchange yield is also dependent on the duration of agitation. A regular increase in exchange 
vield was observed during a 3-min agitation; after that, the rate of increase was considerablv slowed 
down. Therefore a 3-m& agitation-was used in the separation. Using 200 mg of the prec/pitate in 
0.5M oxalic acid solution, yields of 68.7x, 76.2%, 83.6x, 86.1% and 89.3 % were obtained for 
1-min, 2-min, 3-min, 5-min and lo-min agitations, respectively. 
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The recovery of cobalt tracer was studied by using different amounts of cobalt(I1) oxalate pre- 
cipitate. With increase in the amount of the precipitate from 50 mg to 100 mg, 200 mg and 300 mg, 
the yields were 34.1x, 65x, 83.6% and 85.2%, respectively. Therefore 200 mg of precipitate was 
chosenas theoptimumquantity. Aconsiderable decrease in the yield was observed when the precipitate 
was kept overnight and then used for the exchange. The best results are obtained with a freshly 
prepared precipitate but the mode of preparing the precipitate has no effect on the exchange prop- 
erties. 

The optimum separation procedure has been described above; 
entire separation, and gives an average yield of 83.6%. 

this requires about 6 min for the 

In the interference studies it was observed that the presence of mineral acids or of aqueous 
ammonia significantly decreases the yield, because they dissolve the precipitate. It is, therefore, 
necessary that these reagents should be neutralised before the exchange step. Sodium hydroxide and 
potassium hydroxide, in concentrations below O.lM, do not affect the exchange. 

Decontamination 

The extent of the separation of cobalt that can be obtained with this procedure was checked by 
making decontamination studies with tracers of 11 representative elements. (Unfortunately, 
tracers of Fe, Mn, Ni, and Zr-Nb were not available for this study.) The daughters of the tracers 
were tested with the parents, because no attempt was made to separate daughters from parents. 
The results are shown in Table I. Silver and mercury show high contamination, probably because 
of adsorption of their ions on the cobalt(I1) oxalate precipitate. The contaminations from silver, 
mercury and thallium were reduced considerably when 1 mg of carrier for each of these elements was 
added to each of the exchange medium; this probably acts as a hold-back carrier, and reduces the 
adsorption of these ions on the precipitate. Similarly, contamination of other elements may be 
further reduced by adding mg-amounts of the corresponding carriers. Many elements, however, 
form insoluble oxalates; precipitation may, therefore, occur when the carrier is added to the exchange 
medium. In such cases, 0.5M sodium nitrate may be used in place of 0.5M oxalic acid as the exchange 
medium. 

TABLE].-SEPARATION OFCOBALT AND CONTAMINANTS(ISOTOPIC 

EXCHANGE PROCEDURE)& 

Tracer Weight, pgb 

Ra-DEF 0.9 
131Ie 214 
l3’Cs 21 
lzqSb 1.6 
loeRul06Rh 1.3 
90Sr_80y 2.1 

347 
13 

204~1 0.4 
zOqT1 1000 
zql 

zosH Pp 
11.4 

1000 
11om* 0.3 
ll0rlXA 1000 
Wo 0.1 

Separated, % 

0.09 
0.11 
0.11 
0.12 
0.12 
0.21 
1.1 
1.7 
3.3 
0.66 

13.2 
4.1 

20.3 
4.9 

83.6 _L 2.3 

a Average of at least duplicate runs. Cobalt is average of 7 runs. 
“Error” is standard deviation. 

b Weight of inactive element present before separation. 
c Iodine in its lowest reduced state. 

The rapidity of the method makes it suitable for the separation of short-lived isotopes of cobalt. 
It may be applied to the activation analysis of cobalt, using the short-lived cobalt-60m. The simplicity 
of the operation involved in this procedure allows it to be adapted to the remote handling of high- 
radiation levels. 

Atomic Energy Centre 
Ferozepur Road, Lahore 
Pakistan 

IQBAL H. QURESHI 
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Summa~--The radiochemical separation of cobalt by an isotopic 
exchange technique has been evaluated for an aqueous 0.5M oxalic 
acid system. The optimised procedure requires 6 min for the entire 
separation and gives cobalt yields of more than 83 ‘A. The specificity 
of this method was checked with the available tracers of 11 different 
elements. Mineral acids and aqueous ammonia interfere in the 
separation. This procedure may find useful applications in the separa- 
tion of short-lived isotopes of cobalt and is adaptable to remote 
handling. 

Zusarnmenfassung-Die radiochemische Abtrennung von Kobalt durch 
Isotopenaustausch wurde fur ein wat3riges System mit 0,5 m Oxalslure 
untersucht. Unter optimalen Bedingungen dauert die game Abtren- 
nung 6 Minuten und gibt Kobaltausbeuten iiber 83%. Die Spezifitlt 
der Methode wurde mit 11 verschiedenen Elementen als Trlgern 
geprtift. Mineralsluren und Ammoniumhydroxyd stiiren bei der 
Trennung. Die Arbeitsvorschrift kann bei der Abtrennung kurzle- 
biger Kobaltisotope ntitzliche Anwendungen finden und kann auf 
Fernbedienung eingerichtet werden. 

R&sum&-On a ttudie la separation radiochimique du cobalt par une 
technique d&change isotopique, dans le cas d’un systeme aqueux 
0,SM en acide oxalique. La technique mise au point nkessite 6 min 
pour la separation t&ale, et donne hes rendements en cobalt supbri- 
eurs a 83 %. La snecificite de cette methode a 6tC vtrifiee avec 11 
elements traceurs differents. Les acides mineraux et l’ammoniaque 
interferent dans la separation. Cette technique peut trouver des 
applications utiles dans la separation des isotopes du cobalt a courte 
dun% de vie, et elle est adaptable aux manipulations a distance. 

REFERENCES 
1 A. Langer, J. Chem. Phys., 1942, 10, 321, 
z D. N. Sunderman and W. W. Meinke, Analyt. Chem., 1957, 29, 1578. 
s Idem, Utilization of Zsotopic Exchange for Radiochemical Separations. Nuclear Engineering and 

Science Congress, Cleveland, Ohio, U.S.A., December 19, 1955. 
4 W. W. Meinke and D. N. Sunderman, Nucleonics, 1955, 13, No. 12, 58. 

Observations on the atomic absorption spectroscopy of lead in aqueous solution, 

in organic extracts and in gasoline 

(Received 27 July 1964. Accepted 10 August 1964) 

IN theory, atomic absorption spectroscopy affords a simple and rapid method for the analysis of 
lead in commercially available products such as gasoline. r However, our efforts to carry out this 
determination, using an air-propane flame, produced unaccountable results in this instance. In 
general, the lead standards (as nitrate and 8-hydroxyquinolate) prepared by us and diluted with the 
same solvent as tetra-ethyl lead standards were in good agreement with each other, but gave low 
results for tetra-ethyl lead in gasoline. This observation led us to undertake a detailed investigation 
of this phenomenon. The et%& of extraneous ions, extraction procedures and solvents on the 
determination of lead by atomic absorption spectroscopy were also investigated. 

EXPERIMENTAL 
The equipment used in this work was the Hilger and Watts “Uvispek” and atomic absorption 

attachments. 
A calibration curve for lead in aqueous solution in the range 20-145 ppm (absorbance: 0.053- 

0.372) was prepared using the following instrument conditions: slit width: 0.1 mm; wavelength: 
2833 A; lamp current: cu. 18 mA; air pressure: 25 lb/in.z; propane pressure: just insutflcient to 
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Summa~--The radiochemical separation of cobalt by an isotopic 
exchange technique has been evaluated for an aqueous 0.5M oxalic 
acid system. The optimised procedure requires 6 min for the entire 
separation and gives cobalt yields of more than 83 ‘A. The specificity 
of this method was checked with the available tracers of 11 different 
elements. Mineral acids and aqueous ammonia interfere in the 
separation. This procedure may find useful applications in the separa- 
tion of short-lived isotopes of cobalt and is adaptable to remote 
handling. 

Zusarnmenfassung-Die radiochemische Abtrennung von Kobalt durch 
Isotopenaustausch wurde fur ein wat3riges System mit 0,5 m Oxalslure 
untersucht. Unter optimalen Bedingungen dauert die game Abtren- 
nung 6 Minuten und gibt Kobaltausbeuten iiber 83%. Die Spezifitlt 
der Methode wurde mit 11 verschiedenen Elementen als Trlgern 
geprtift. Mineralsluren und Ammoniumhydroxyd stiiren bei der 
Trennung. Die Arbeitsvorschrift kann bei der Abtrennung kurzle- 
biger Kobaltisotope ntitzliche Anwendungen finden und kann auf 
Fernbedienung eingerichtet werden. 

R&sum&-On a ttudie la separation radiochimique du cobalt par une 
technique d&change isotopique, dans le cas d’un systeme aqueux 
0,SM en acide oxalique. La technique mise au point nkessite 6 min 
pour la separation t&ale, et donne hes rendements en cobalt supbri- 
eurs a 83 %. La snecificite de cette methode a 6tC vtrifiee avec 11 
elements traceurs differents. Les acides mineraux et l’ammoniaque 
interferent dans la separation. Cette technique peut trouver des 
applications utiles dans la separation des isotopes du cobalt a courte 
dun% de vie, et elle est adaptable aux manipulations a distance. 
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give a luminous flame. The effective dimensions of the burner head (perforated plate) were 10 cm 
long by 15 cm wide. 

The following aspects of the atomic absorption spectroscopy of lead were then examined. 

Extraneous ions 
Lead in ayueous solution 

Cations. Of those cations investigated at ca. a lOOO-fold mole excess over lead, viz., Ag+, AP+, 
Ba2+, BeZ+, Bi3+, Cd2+, CeSC, Co*+, Cr3*, Cu2+, Fe”+, Hg2+, Kf, Las+, Li+, MgZ+, Mn2+, Na+, Ni2+, 
St?+, Sr2+, Tl+, Th4+, Zn”+ and Zr4+, only Al 
in absorbance. Bea+ 

3f, Be2+, Th4+ and Zr4+ interfered by giving a reduction 
Interfered because of precipitate formation. The interference of APf, Th4+ 

and Zr4+ is probably caused by the formation of refractory compounds in the flame with mechanical 
sequestration of the lead in the solid matrices. 

Anions. A similar excess to that for cations was also investigated for the following anions: 
Ba0,2-, Br-, Cl-, CIOs-, Clod-, CN-, SCN-, COs2-, Crop’-, Crz0,2-, F-, Fe(CN),3-, Fe(CN),4-, 
I-, IOs-, MOO,‘-, NOz-, NOa-, POda-, S2-, SOa2-, S,0,2-, S2082-, VO,- and WOdz-. Those anions 
which produced precipitates with lead interfered, but the addition of EDTA eliminated this and the 
subsequent interference. Only PO,s- 
absorbance. 

and S,0,2- continued to interfere by slightly reducing the 

Organic anions. Of those anions examined at ca. a lOOO-fold mole excess over lead, viz., acetate, 
citrate, formate, oxalate, phthalate and tartrate, only formate and phthalate interfered because of the 
production of precipitates and a subsequent lowering of the absorbance. 

Organic solvents (water-miscible). Solutions were examined containing 100 ppm of lead and 10% 
with respect to the following solvents: acetone, acetic acid, dioxan, ethanol, ethylene glycol, glycerol, 
methanol, methyl ethyl ketone and isopropyl alcohol. All increased the absorbance because of an 
increased efficiency of vaporisation, except for ethylene glycol and glycerol which decreased the 
absorbances because of an increase in the viscosity of the solutions (cJ Table I). 

Determination qf Lead in Organic Media Following Solvent Extraction 
Extraction experiments were carried out with the following systems: 
Lead 8-hydroxyyuinolate in chlorqform and isobutyl methyl ketone. Chloroform as a solvent was 

soon discarded because noxious gases were produced during the combustion and, furthermore, the 
vaporisation chamber quickly became clogged with solid 8-hydroxyquinoline because of rapid 
evaporation of chloroform. A far more suitable solvent for atomic absorption work was found to be 
isobutyl methyl ketone. Lead could be determined over the range 2 to 26ppm (in the organic phase) 
by extracting with a 1% solution of 8-hydroxyquinoline in isobutyl methyl ketone (absorbance: 
0.014-0137) over the range pH 7-l 1. This represents ca. a 3-fold increase in sensitivity relative to 
aqueous solution. 

TABLEI.-EFFECTOF~~% CONCENTRATIONSOFWATER- 

MISCIBLE ORGANIC SOLVENTS ON THE ABSORBANCE OF 

A 100-pplll SOLUTION OF LEAD 

Solvent Absorbance (2833 A) 

- 
Isopropyl alcohol 
Methyl ethyl ketone 
Acetone 
Acetic acid 
Dioxan 
Ethanol 
Methanol 
Ethylene glycol 
Glycerol 

0.238 
0.366 
0.352 
0.328 
0.307 
0.294 
0.291 
0.291 
0.212 
0.190 

Lead diethyldithiocarbamate in ethyl acetate. Lead was extracted at pH 7 into ethyl acetate as 
its diethyldithiocarbamate complex using 1 ml of a 2 % aqueous solution of the disodium salt of the 
reagent. The calibration curve obtained was a straight line, passing through the origin, over the 
range l-10 ppm of lead (in the organic phase). This gave ca. a 3-fold increase in sensitivity over 
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the extraction system using I-hydroxyquinoline as reagent in isobutyl methyl ketone. The sensitiv- 
ities of these two methods are compared with that for aqueous solution in Fig. 1. 

These extraction systems were subsequently employed to separate and concentrate lead for its 
determination in some commercially available products, e.g., analytical reagent grade chemicals, 
chocolate samples and canned beer, by atomic absorption spectroscopy. 

I I I 
0 IO 20 30 40 50 60 70 80 

Lead, ppm 

FIG. 1 .-Comparative sensitivities of extraction systems at 2833 A (calibration curves): 
(A) lead nitrate in water; 
(B) lead 8-hydroxyquinolate in isobutyl methyl ketone ; 
(C) lead diethyldithiocarbamate in ethyl acetate. 

Determination of Lead in Gasoline 

Following the success obtained in determining lead in non-aqueous extracts using reagents such 
as 8-hydroxyquinoline and disodium diethyldithiocarbamate, little difficulty was anticipated in dealing 
with the determination of lead as tetra-ethyl lead in gasoline. However, this did not prove to be the 
case. 

The first difficulty encountered was the choice of solvent required to dilute the gasoline (iso- 
octane) samples. Several of these were examined, e.g., ethanol, methyl ethyl ketone, isopropyl 
alcohol, isobutyl methyl ketone, hexane, iso-octane, but mostly they were either too volatile (hexane 
and iso-octane), or slowly increasing readings were obtained upon spraying the tetra-ethyl lead 
samples (tetra-ethyl lead was very difficult to wash out from the burner head with many solvents). 
The best solvent appeared to be methyl ethyl ketone. 

Calibration curves were prepared subsequently from two standard substances, lead nitrate and 
lead I-hydroxyquinolate dissolved in methyl ethyl ketone. In each instance 518-259 ppm of lead 
gave absorbances of 0.092-0.455. Tetra-ethyl lead diluted with the same solvent gave a straight line 
calibration curve, but with a 3-fold decrease in absorbance for the same lead content (1 l-2-67.7 ppm 
of lead gave absorbances of 0.067-0.402). 

A similar series of results was obtained using ethyl acetate as solvent. Standard additions of lead 
as its nitrate were also made, but the same conclusions were reached, i.e., disagreement between lead 
nitrate and lead 8-hydroxyquinolate on the one hand and tetra-ethyl lead on the other. 

Subsequent experiments revealed that the position of measurement in the flame was a vital factor. 
When the absorbance measurements were made at progressively higher positions in the flame relative 
to its base, the absorbance from lead nitrate or 8-hydroxyquinolate in methyl ethyl ketone slowly 
increased. However, under the same conditions, the absorbance from tetra-ethyl lead in methyl ethyl 
ketone decreased significantly (Table II). 

The lead contents of the lead nitrate and tetra-ethyl lead solutions used in this experiment were 
the same, i.e., 21 ppm. 

Similar results were obtained using other solvents, e.g., isopropyl alcohol. 
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TABLE II.-EFFECT OF POSITION OF ABSORBANCE PATH IN 

FLAME IN RELATION TO ABSORBANCE BY LEAD NITRATE 

AND TETRA-ETHYL LEAD(TEL) 
(Pb E 21 ppm) 

Position of absorption path Absorbance (2833 A) 
in flame in methyl ethyl ketone 

. TOP 
[most smtable for Pb(NO,), 

and Pb(C,H,ON),J 
0.350 0.130 

Middle 

Base 
(most suitable for TEL) 

0.326 0.156 

0.289 0.203 

CONCLUSIONS 

The determination of tetra-ethyl lead in gasoline by atomic absorption spectroscopy must be 
treated with caution. Satisfactory results will only be obtained if the standard solutions are prepared 
from tetra-ethyl lead. Our experiments on the position of the absorption path in the air-propane 
flame used in these experiments suggest that this is caused by a different “burn-off” rate or easier 
atomisation of tetra-ethyl lead compared with lead nitrate or 8-hydroxyquinolate. Consequently, the 
population of ground state atoms is highest at the base of the flame when tetra-ethyl lead is involved 
and measurements are best made at this point. The maximum population of ground state atoms of 
lead is obtained higher up in the flame when less readily atomised compounds of lead are present. It 
is probable that for the majority of lead compounds the upper regions of an air-propane flame may 
be preferable for absorption measurements. 

In a previously reported method for the determination of lead in gasoline it may be noted that 
Robinson1 has used tetra-ethyl lead rather than more conventional lead standards. He used an oxy- 
hydrogen flame and did not comment on the position of the absorbance path in the flame. 

Obviously, there is no reason why this phenomenon should only apply to this particular compound. 
The so-called “organic solvent” effecta may be caused not only by an increase in the throughput of 
cation-solution vapour,3 but also by a conversion of the particular cation into a more easily 
atomised species. 

Acknowledgements-Thanks are expressed to D.S.I.R. for provision of the atomic absorption equip- 
ment used in this work and to Esso Research Limited for supplying the gasoline samples. 
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Summary-The effects of extraneous ions, solvents and flame height 
on the determination of lead by atomic absorption spectroscopy at 
2833 A have been examined. In order to obtain satisfactory results 
for lead in gasoline, the standard solutions used in the preparation of 
the calibration curve must also be prepared from tetra-ethyl lead and 
the absorbance should be measured near the base of the air-propane 
flame. There are differences in atomisation efficiency of tetra-ethyl 
lead compared with lead nitrate or lead I-hydroxyquinolate dissolved 
in the same solvent. 

* Present address: Department of Chemistry, Imperial College, London S.W.7, England. 
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Zusammenfassung-Der EinfluB von Fremdionen, Losungsmitteln 
und der Flammenhohe auf die Bleibcstimmung durch atomare Ab- 
sorptionsspektroskopie bei 2833 A wurde untersucht. Urn zufrieden- 
stellende Bleiwerte in Benzin zu erhalten, miissen die Standard- 
liisungen zur Aufstellung der Eichkurve ebenfalls aus Tetraathylblei 
hergestellt und die Extinktion nahe bei der Basis der Luft-Prouan- 
F&me gemessen werden. Es bestehen Unterschiede in der Aus&ute 
an Bleiatomen zwischen Tetralthylblei und Bleinitrat oder Blei-l- 
hydroxychinolat, such im selben Liisungsmittel. 

R&urn~On a examine les influences d’ions &rangers, des solvants 
et de la hauteur de flamme sur le dosage du plomb par spectroscopic 
d’absorption atornique a 2833 A. Afm d’obtenir des resultats satis- 
faisants pour le plomb dans l’essence, les solutions tit&es utilis&es 
pour la preparation de la courbe d’etalonnage doivent aussi &re 
preparees a partir de plomb-tetraethyle, et l’absorption doit &tre 
mesun% pres de la base de la flamme air-propane. 11 y a des differences 
dans l’efficacite d’atomisation du plomb t&ratthyle, par comparaison 
avec le nitrate de plomb ou le 8-hydroxyquinolate de plomb dissous 
dans le mSme solvant. 
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LETTER TO THE EDITOR 

The analytical importance of the methoxyl content of Acacia gum exudates 

SIR, 

Methoxyl groups occur frequently in plant gums as Cmethoxyglucuronic acid (e.g., in Albizziu’ and 
Khuya2 species) or as ester groups (e.g., in SterculiaS and AstragaZ& gums). To date, however, the 
possibility of the presence of methoxyl groups in Acacia gum exudates appears largely to have been 
ignored, e.g., in studies of A. senegal,s A. pycnantha, B A. karroo,’ A. cyanophyllae and A. sundra,s 
although Stephen reported (without comment) a value of 0.35 0/O for A. mollissima,10 and Hulyalkar 
et al. found no methoxyl content in A. catechu.” 

Recently, Anderson and Herbich observed I2 that the methoxyl content of a number of nodules 
of the gum from A. seyal ranged from 0.7-1.3x, and this has led us to analyse specimens of the 
gum from 12 further Acacia species, not hitherto studied chemically. We have also re-investigated 
three different specimens of A. Senegal syn. Verek (gum arabic) and a sample of A. karroo. An 
infrared method,13 specific for methoxyl groups, was used to analyse purified samples, prepared 
from authenticated single nodules of each species by electrodialysis so that artifacts arising from 
solvent retentionI could not occur (cJ ref. 1). 

The results shown in Table I indicate that the presence of methoxyl groups in Acacia gums is a 
more general occurrence than hitherto believed. In addition, the range of values found (0.75 to 
144 %) for 9 nodules of A. niloticu substantiates recent evidence 12,16 for inter-nodule variation in the 
composition of plant gums. 

The viscosity of samples of gum tragacanth and of pectins is knowrP to be related to their 
methoxyl content. The limiting flow-time numbers for some of our Acacia samples, determined 
under standardised conditions, are also shown in the Table: a plot of methoxyl content versus 
limiting flow-time number gives a smooth curve. 

TABLE I 

Acacia species Methoxyl, %* 
Limiting flow-time 

number? 

A. giraffae Burch 
A. nilotica (L.) Willd. ex Del. 
A. mellifera (Vahl) Benth. 
A. seyal Del. 
A. seyal Del. var. fistula 
A. arabica (Lam) Willd. 
A. tortilis (Forsk.) Hayne. 
A. mearnsii De Wild. 
A. campylacantha Hochst. ex A. Rich. 
A. drepanolobium Harms ex Sjostedt. 
A. Senegal (L.) Willd. 
A. dealbata Link. 
A. laeta R. Br. ex Benth. 
A. nubica Benth. 
A. karroo Hayne. 

240 
1.148 
1.06 
1.02b 
0.90 
0.88 
0.57 
0.45 
0.42 
0.40 
0.36c 
0.35 
0.33 
0.15 
0.13 

10.4 

12.1 

12.5 

16.0 
16.6 
19.2 
21.5 
23.0 

* Electra-dialysed, freeze-dried samples, corrected for trace residual moisture and ash content. 
t In aq. 4% NaCl solution at 25”. 
* Average of results for 9 nodules (range 0.75-144%). 
b Average of results for 6 nodules (range 0.70-l .30 %). 
c Average of results for 3 nodules (range 0.340.37 %). 
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It is therefore suggested that the methoxyl content of Acacia gums has some structural signifi- 
cance, and that greater analytical attention should be given to this in future studies. We do not 
subscribe to the view, recently expressed I7 in a study of gum Jeol, that a methoxyl content of 0.51”//, 
can readily be dismissed as being very low and not structurally significant. 

It is of interest that our re-examination of A. Senegal and A. karroo has revealed the presence 
of methoxyl groups. Re-examination of other species, e.g., A. pycnantha, may well provide an 
explanation for the complex behaviour observed6 during examination of the aldobiuronic acid 
fraction. 

Acknowledgements-We thank Professor Sir Edmund Hirst, F.R.S. for his interest, and record our 
indebtedness to (the late) Mr. M. P. Vidal-Hall, Gum Research Officer, El Obeid, and to Dr. Dyer, 
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our studies. We thank Samuel Jones and Co., Ltd. (Camberwell); James Laing, Son and Co., Ltd. 
(Manchester); Rowntree and Co., Ltd. (York); and the Director of Forests, Sudanese Government, 
for financial support. 
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PUBLISHER’S NOTICE 

Owing to pressure of other work, Professor C. L. WILSON is relinquishing his 
office as Editor-in-Chief of Talanta at the end of 1964. We owe him a great debt of 
gratitude for his work over seven years, especially in establishing the journal. 
Fortunately, it has been possible to maintain Professor Wilson’s association with 
Talanta, for he is to continue as a Consulting Editor. His successor as Editor-in-Chief 
will be the current Associate Editor, Dr. M. WILLIAMS. Papers not normally sub- 
mitted through a Regional Editor should now be sent to Dr. M. WILLIAMS, Department 
of Chemistry, College of Advanced Technology, Gosta Green, Birmingham 4, 
England. 
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TALANTA REVIEW* 

RECENT USES OF LIQUID ION EXCHANGERS 
IN INORGANIC ANALYSIS 

H. GREEN 
British Cast Iron Research Association, Bordesley Hall, Alvechurch 

Birmingham, England 

(Received 27 June 1964. Accepted 20 August 1964) 

Summary_--A review of recent uses of liquid ion exchangers in inor- 
ganic analysis is presented. 

INTRODUCTION 

SEPARATIONS using liquid ion exchange may be said to date from the publication, in 
1948, of a paper by Smith and Page1 entitled “The Acid-Binding Properties of Long- 
Chain Aliphatic Amines”. Since then, increasing interest has been shown in the use, 
as extractants, of those high molecular weight acids and bases which possess low 
solubility in water and high solubility in water-immiscible solvents. 

The operation of liquid ion exchangers involves selective transfer of solute between 
two immiscible phases, an aqueous phase and an organic phase containing the liquid 
exchanger. The technique for liquid ion exchange separation is, therefore, identical 
to that employed in general solvent extraction separations. From the very first, liquid 
ion exchange has been compared with resinous ion-exchange because the behaviour 
of analogous functional groups in the two systems is frequently similar. From this 
similarity, by reference to available data on extractions with ion-exchange resins, it 
is possible to make a reasonable prediction of the likely course of the corresponding 
liquid ion-exchange extractions. Liquid ion exchangers may be employed in a similar 
manner to resinous exchangers except that, although the course of the reaction may 
involve ‘salt-splitting’, the ultimate products will not be acids or bases, as may be 
obtained with solid resins. They may be employed for the extraction of acids and 
bases, when the extraction from aqueous solution is by a neutralisation process to 
form a salt which is soluble in the organic solvent but insoluble in water, e.g., RNH + 
HX -+ RNH,X. Alternatively, the same liquid exchangers may be used in the salt 
form when ions may be exchanged with those in the aqueous solution, e.g., RNH,Cl + 
NaNO 3 + RNH,NO, + NaCl. This is, of course, a reversible reaction and when the 
organic phase contains the amine chloride a strong solution of sodium nitrate will 
strip the amine of chloride ions, while if amine nitrate in the organic phase is treated 
with a strong solution of sodium chloride the amine is stripped of nitrate ions. Regen- 
eration of the appropriate amine salt is accomplished in these cases, and if the amine 
salt is treated with an alkaline solution, such as aqueous ammonia, sodium hydroxide 
or sodium carbonate, the free amine is obtained. Similar considerations apply in the 
case of cation exchangers, where regeneration can be achieved using suitable acid solu- 
tions. Selectivity is obtained when using liquid ion-exchangers by the usual means- 
control of pH and salt concentration, adjustment of valency, addition of complexing 
agents and probably most important of all choice of organic diluent. 

* For reprints of this Review see Publisher’s Announcement at the end of this issue. 
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It will be seen that liquid ion exchangers combine many of the advantages of both 
solvent extraction and ion exchange. There are, however, a number of difficulties and 
disadvantages associated with their use, and an appreciation of these is essential if the 
full advantage of the combination of solvent extraction and ion exchange is to be 
obtained. The major difficulty is associated with the formation of emulsions between 
the organic and aqueous phases, making separation difficult and on some occasions 
impossible. The relative viscosities and densities of the two phases are of major impor- 
tance here and, because liquid exchangers usually possess some surface activity, it is 
necessary to select those having a low activity and to use those conditions which will 
minimise the formation of stable emulsions. Such conditions are control of tempera- 
ture, choice of acid and amount of free acid in the aqueous phase, organic diluent for 
the exchanger, relative volumes of organic and aqueous phases and concentration of 
the exchanger in the organic phase; the addition of 2-3% of a higher alcohol to the 
organic phase has proved effective in preventing emulsion formation in some cases. 

The expense associated with the use of organic liquids for solvent extractions is 
not usually of major importance in laboratory applications, but organic solvents can 
be dangerous if care is not taken in handling and storage, and the exchangers them- 
selves may constitute a certain hazard. For example, in the case of the aliphatic 
amines used as anion exchangers, the manufacturers point out that although the vola- 
tility is low, it is very important, particularly before dilution, to provide adequate 
ventilation to prevent inhalation of the vapours. Every precaution should be taken 
to avoid contact with the eyes or prolonged contact with the skin. 

It is advisable to keep apparatus used for liquid ion-exchange extractions separate 
from that used for normal solvent extraction because separating funnels, in particular, 
are difficult to render completely free from the exchangers. If this is not possible, 
treatment with a solution containing 5 g of ammonium fluoride and 5 ml of hydro- 
chloric acid in 100 ml of water followed by 10% sodium carbonate solution is usually 
an effective method of cleaning the glassware. 

Another disadvantage in the use of liquid ion exchangers is the fact that, unlike 
many of the common solvent extraction separations, it is usually necessary to back- 
extract the required species from the organic phase to complete the determination. 
It is sometimes possible to use the organic phase directly for determination of the 
extracted ion or ions, e.g., by aspirating directly into a flame and measuring by means 
of flame photometry or atomic absorption spectroscopy;” by employing a cellulose 
column impregnated with the liquid exchanger, 2 when metal ions may be recovered 
on ashing the cellulose and exchanger. If radioactive materials are under investiga- 
tion, direct measurement of the activity present in the organic phase is possible. 
Back-extraction procedures can be very tedious where successive extractions are 
involved, because the organic layer is usually chosen to be the lower layer, when the 
extraction is being made, for ease of separation; if this layer has to be back-extracted 
manipulation is much more difficult. Before liquid ion exchange becomes as popular 
a method of separation as solvent extraction procedures have become, it will be nec- 
essary for simple techniques to be devised which utilise the organic phase directly- 
This is one of the great assets when employing normal solvent extraction methods. 

Compared with resinous ion exchange the use of liquid ion exchangers offers a 
much more rapid method of separation of the required ionic species. In its normal 
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method of use a liquid exchanger is closely similar to a solid resinous exchanger used 
in the ‘batch analysis’ technique. It does not, as yet, offer the same range of potential 
separations. For example, it is not possible to employ the technique of ‘frontal analy- 
sis’ in the same way as with solid resins except by the use of cellulose columns impreg- 
nated with the liquid exchanger referred to earlier. This does make possible the use 
of selected elution and it is claimed that the elution peaks are very narrow, but the 
preparation of the column appears to be a much longer process than the preparation 
of resin columns and the advantages accruing are rather marginal. 

A comprehensive list of liquid ion exchangers has been given by Coleman, Blake 
and Brown,3 but many of those listed have not been extensively used in analysis, and 
the exchangers mentioned here are those which have become generally accepted as the 
major materials for carrying out liquid ion exchange. Attention is also directed to a 
paper by Kunin and Winger. * Because of these authors’ association with the Rohm 
and Haas Company, who manufacture Amberlite ion-exchange materials, the informa- 
tion given is invaluable as an introduction to the use of liquid ion-exchange materials. 

Much of the earlier work up to 1960, covering extraction with liquid anion 
exchangers, has been reported by Moore. 6 The section in the present review dealing 
with liquid anion-exchangers is intended to cover the more important published work 
since then, with particular reference to the analysis of the more commonly encoun- 
tered inorganic materials. 

In order to prevent this review from becoming excessive in length, work carried out 
on the transuranic elements has not been included. Papers presented at the 1962 Con- 
ference on Solvent Extraction at Gatlinburg, U.S.A., many of which are now in the 
open literature,g effectively review the position regarding these elements. 

LIQUID ANION EXCHANGERS 

Liquid anion exchangers, at present available, are based on primary, secondary 
and tertiary aliphatic amines. They are of high molecular weight, water insoluble but 
soluble in many organic solvents, such as petroleum distillates, aliphatic and aromatic 
hydrocarbons, high molecular weight alcohols and chlorinated hydrocarbons. For 
laboratory separations only a small number of the amines which are commercially 
available have so far been examined and recommended for particular applications and 
of these the Amberlite exchangers have received by far the greatest attention. The im- 
portant relevant properties of Amberlite LA. 1 [iV-dodecenyl(trialkylmethyl)amine] 
and Amber&e LA.2 [N-lauryl(trialkylmethyl)amine], both secondary amines, are 
summarised in Table I. 

TABLE I.----sUhihfARY OF RELEVANT PROPERTIES OF AMBERLITE EXCHANGERS 

LA.1 AND LA.2 

Property Amberlite LA.1 Amberlite LA.2 

Molecular weight 
Neutral equivalent 
Acid binding capacity, 

mequiv/ 
mequzv .f ml 

Density (25”), g/ml 
Viscosity (25”), cp 
Flash point, “C 

351-393 353-39s 
38wlO 360-380 

2.5-2.7 2.6-2.8 
2.1-2.3 2.2-2.3 

084 0.83 
72 18 

ca. 105” ca. 180’ 
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These exchangers are usually employed at solution strengths varying from 2 to 20% 
in an inert organic solvent and, as may be expected, the capacity for ion exchange of 
a particular exchanger, for the same anion, is directly proportional to its concentration 
in the organic phase. Figures given by the manufacturers for Amberlite LA.1 show 
that, using kerosene as diluent, 1 litre of 0*05M amine has a capacity for U,0s2- ions 
of 1.78 g, while a 0.M solution of amine has a capacity of 3.56 g and a 0.2544 
solution a capacity of 8.88 g/We. A difference in capacity for ion exchange is exhib- 
ited for different ions. Table II shows how this capacity varies with the anion in 

TABLE II.-EXTRACTION OF ANIONS& BY AMBERLITE LA.1 AND LA.2 

ExtractIon, I/, 

Acid Amberlite LA. 1 Amberlite LA.2 

Hydrochloric 77.3 88.6 
Nitric 85.3 94.4 
Sulphuric 74.5 88.0 
Acetic 2.7 8.9 
Tartaric 1 44 

& In the form of the free acid. 

question for Amberlite LA.1 and LA.2 when O*lM solutions of the exchanger in 
kerosene are equilibrated with an equal volume of O*lM acid in water. These extrac- 
tion figures can be improved upon by the addition of a salt, such as sodium chloride, 
nitrate, sulphate, acetate or tartrate as appropriate, to increase the anion concentration. 

Several metals form anionic complexes in solutions of mineral acids and it is pos- 
sible to extract many of these complexes using anion exchangers. Such metals include 
niobium, tantalum, chromium, zirconium, zinc, uranium, titanium, vanadium and tin, 
while the anionic complexes may contain radicals such as sulphate, nitrate, oxalate, 
chloride or fluoride. Figure 1 shows the effect of variation in free sulphuric acid 

FIG. 1 .-Typical curves for liquid ion-exchange extractions. 
(Extractions made from sulphuric acid media using a 2:l ratio of aqueous/organic 

phases and 4 % of Amherlite LA.1 in chloroform’~Q’.) 
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content of solution on degree of extraction of some metals as anionic sulphate com- 
plexes. Each extraction was made from a loo-ml volume of solution containing 0.02 g 
of the element and sulphuric acid only, except in the case of niobium when O-1 g of 
oxalic acid was also present to prevent hydrolysis and precipitation of the hydrated 
pentoxide. Only one extraction was made in each case using 50 ml of 4% Amberlite 
LA.1 in chloroform. Iron(II1) is seen to extract only slightly using sulphuric acid 
media and even then only at very low free acid contents. Zirconium and uranium 
give very similar extractions to one another, the degree of extraction increasing as the 
acid concentration decreases. Two extractions with 50-ml volumes of the exchanger 
at the l-2% of free sulphuric acid level will then give virtually 100% extraction of both 
metals. Niobium extraction is appreciable even at the 30% of free sulphuric acid 
concentration, and from a 5% acid solution two extractions again give a virtual 
100% removal. 

Under similar conditions, Greens has shown that titanium and vanadium do not 
extract from sulphuric acid solutions alone using Amberlite LA. 1. In fact, at the lower 
sulphuric acid concentrations titanium is hydrolysed. If sufficient fluoride ion is added 
to the solution of titanium containing 5 y0 of free sulphuric acid to convert the titanium 
sulphate to titanium fluoride, then 95% of the titanium may be extracted with one 
50-ml volume of the exchanger and virtually 100% using two 50-ml volumes. Vana- 
dium gives only a partial and variable extraction in the presence of fluoride. When hy- 
drogen peroxide is used in conjunction with the 5% sulphuric acid solution, 65-70% 
of the titanium is extracted with one 50-ml volume and 90-95% with two volumes of 
exchanger. Vanadium extraction is about 30% with one 50-ml volume of exchanger 
and about 50% with two volumes. 

Conditions for the extraction of a number of metal ions from hydrochloric acid 
solutions, using a 10% solution of Amberlite LA.1 in xylene, have been investigated 
by Nakagawa.lOJl A summary of his results is given in Table III. The range of 

TABLE III.-EXTRACTIONS USING 10 % AMBERLITE LA.1 IN XYLENE 

Element 

Cadmium(I1) 
Chromium(V1) 
Chromium(III) 
Copper(I1) 
Gallium(II1) 
Germanium(IV) 
Tndium(II1) 
Iron(II1) 
Lead(B) 
Manganese(R) 
Mercury(R) 
Selenium(IV) 
Tellurium(IV) 
Tin(IV) 
Titanium(IV) 
Vanadium(V) 
Vanadium(W) 

Optimum HCl range, Extent of extraction,8 
M % 

2-6 
1-6 
- 

7 
>4 

8-l 1 
7 
6 
1.5 

l-10 
l-8 
>9 
46 
5-6 

6-8 

95 
Almost auantitativeb 
Negligible 

35 
Quantitative 
Almost quantitative 

86 
Quantitative 

40 
(12 

Quantitative 
Almost quantitative 
Quantitative 
Almost quantitative 
No extraction 

90b 
No extraction 

a One extraction. 
b Reduction of VS+ to V*+ and of Cra+ to CP+ occurs in solutions 

more than 6M in HCI. 
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hydrochloric acid concentration given in the table for each element is that over which 
maximum extraction occurs; outside this optimum range, extraction for any partic- 
ular element may still be appreciable. Cadmium can be extracted from hydr~~oric 
acid solutions as low as @lM, with maximum extraction at 2-6M and decreasing 
extraction with increased acid concentration to become 23% in concentrated acid. 
Tervalent chromium shows negligible extraction but sexivalent chromium gives almost 
quantitative extraction from solutions l-6M in hydrochloric acid. More concentrated 
acid tends to reduce the chromium and lower the amount extracted. Back-extraction 
of the chromium from the organic phase only required that the aqueous phase con- 
tained a reducing agent, such as iron(I1) sulphate or hydroxylamine hydrochloride. 

Copper extracts from hydrochloric acid solutions greater than 3M with a maximum 
extraction of 35% from 7M acid. Extraction of germanium commences from 4M 
acid, becoming almost quantitative between 8 and 11M. The extraction of indium 
increases from 12% in 1M hy~ochloric acid to 86% in 7M, decreasing again with 
increase in acid concentration to 20% in concentrated acid. Lead shows maximum 
extraction from 1*5M acid, decreasing to nothing at 1OM. Tellurium is quantitatively 
extracted from hydrochloric acid solutions between 4 and 6M and was readily back- 
extracted with 0.5M acid. The extraction of tin commences at 0.5M hydrochloric and 
increases with increase in acid concentration, reaching a maximum between 5 and 6&i, 
then decreasing above 6M acid; back-extraction using 1M nitric acid is recommended, 
dilute hydrochloric and sulphuric acids being stated as unsuitable. Quadrivalent vana- 
dium does not extract from hydrochloric acid solutions, whereas up to 90% of quin- 
quevalent vanadium may be extracted from 6M acid. When the acid concentration 
is greater than 6M, reduction of the vanadium occurs and extraction decreases. 

Using Amberlite LA.1 as a 10% solution in kerosene, Nakagawa12@ has investi- 
gated the extraction of iron(III), nickel, cobalt, zinc, aluminum, titanium, arsenic, 
antimony and bismuth from hydrochloric acid solution. A summary of his results is 
given in Table IV. 

TABLE IV.-EXTRACTIONS usnw 10 % AMBERLITE LA.1 IN KEROSENE 

Optimum HCI range, Extent of extraction, 
Element M “/, 

~uminium~1) 
Arsenic(III) 
Arsenic(V) 
Antimony(II1) 
Antimony(V) 
Bismuth(III) 
Cobalt(X1) 
IronfIIE) 
Nickel(n) 
Titanium(W) 
Zinc(I1) 

8-11 

1-Q 
>6 

0.3 
8 

6-10 
- 
12 

2-3 

Negligible 
92 

No extraction 
Almost quantitative 
Quantitative 
Quantitative 

35 
Quanti~tive 
No extraction 

10 
90 

Tervalent arsenic extracts from solutions greater than 4M in hydrochloric acid, a 
ma~mum extraction of 92% occurring in 8-f IM acid. Tervalent antimony is almost 
quantitatively extracted from 1-4M acid solutions, extraction decreasing with increase 
in hydrochloric acid concentration. The extraction of quinquevalent antimony is, 
however, facilitated by an increase in acid concentration and only becomes quanti- 
tative from solutions greater than 6M. Bismuth extraction is complete from 0.3M 
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acid; increasing the hydrochloric acid concentration results in decreasing extraction 
until at 1OM acid no extraction occurs. It is recommended that tervalent antimony and 
bismuth be back-extracted using 05M citric acid, and quinquevalent antimony with 
1M sodium hydroxide, but not with mineral acids. Cobalt extraction starts from 
solutions more than 5M in acid, but maximum extraction at 8M acid is only about 
35% complete. No extraction of titanium occurs from solutions below 8M in acid 
and only about 10% from concentrated hydrochloric acid solutions. Zinc extraction 
is maximum at 2-3M acid, decreasing with increase in acid concentration. 

The extraction data given by Nakagawa provide an excellent example of the 
parallelism which exists between liquid and resinous ion exchangers. The reader can 
qualitatively extend the data given in Tables III and IV by reference to the more 
comprehensive work on anion exchange in chloride media by Kraus and coworkers.56 

Amberlite LA.1 has been used by Ishibashi and Komaki14 for the determination 
of zinc in aluminium alloys. The zinc, present at about the 5-mg level, is extracted 
into a 15% solution of Amberlite LA.1 in kerosene from 6M hydrochloric acid. The 
procedure is to dissolve the sample in 6M hydrochloric acid and hydrogen peroxide, 
then extract the zinc with Amberlite LA.l/kerosene. The zinc is back-extracted into 
the aqueous phase using 0.3M nitric acid, the solution made ammoniacal and tri- 
ethanolamine and potassium cyanide added to mask iron and copper. Finally, the 
zinc is demasked using formaldehyde and titrated with standard EDTA. 

For the determination of zirconium in cast iron, Gree+ employed a 4% solution 
of Amberlite LA.1 in chloroform. The precedure here is to dissolve the sample in 
sulphuric acid in the presence of a small amount of sodium fluoride. After mercury 
cathode separation, hydrogen peroxide is added and zirconium extracted with Amber- 
lite LA.l/chloroform. The zirconium is back-extracted with hydrochloric acid and 
finally reacted with Pyrocatechol Violet for spectrophotometric measurement. Tita- 
nium and vanadium will be partially extracted by the exchanger under these conditions 
and a correction has to be applied if either or both are present. 

Using the same exchanger, 4% of Amberlite LA.1 in chloroform, Green16 has 
determined uranium in cast iron. The sample is dissolved in sulphuric acid solution 
and extracted directly with the ion exchanger. Under the conditions used, apart from 
the uranium, any niobium, tantalum and zirconium present will be extracted, along 
with a small quantity of iron. Back-extraction of the organic phase with sodium 
carbonate results in precipitation of these elements, while the uranium is extracted as 
the water-soluble uranyl-carbonate complex, UO,(CO,)ap-. After filtration, the ura- 
nium in the filtrate is reacted with hydrogen peroxide to yield the yellow peroxy com- 
plex, which is measured spectrophotometrically. 

The use of Amberlite LA.1 has been described for the determination of zinc in 
bauxite.l’ Fifty ml of a 25% solution of the exchanger in xylene can be used to 
extract up to 5 mg of zinc from l-g samples of bauxite. Despite the high concentration 
of exchanger, the organic phase can be fed directly to the burner of a Perkin-Elmer 
214 atomic absorption spectrophotometer to complete the determination. 

In an investigation into the separation and determination of chromium sesquioxide 
in chrome ores and refractories, Bennett and MarshalPs used both Amberlite LA.1 
and LA.2. The extraction of chromium from sulphuric acid solution, as the dichro- 
mate ion, increased with increasing acid concentration. However, at higher acid con- 
centrations, increasing reduction of the sexivalent chromium took place. Because 
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Amberlite LA.2 is the more basic of the two exchangers and shows less tendency to 
emulsify, it was chosen for use in the final method. For decomposition of the sample 
a fusion is made using 7 g of anhydrous sodium carbonate and 2.5 g of boric acid 
with 0.5 g of sample. The cooled melt is extracted with dilute sulphuric acid and 
dilute aqueous ammonia added until a faint permanent precipitate forms. This pre- 
cipitate is just dissolved by addition of dilute sulphuric acid and the solution extracted 
using a 10% solution of Amberlite LA.2 in chloroform. After two 25-ml extractions 
with the exchanger, further sulphuric acid is added to the aqueous phase and a third 
extraction made with 25 ml of exchanger. The extracts are combined and back- 
extracted using 1M potassium hydroxide. After acidification and reduction with sul- 
phite, the chromium is reacted with EDTA and the determination completed by 
spectrophotometric measurement of the violet complex at 550 rnp. Under these con- 
ditions, other constituents of chrome ores and refractories, such as iron, titanium, 
manganese and silicon, are in no way affected by the ion-exchange separation and the 
aqueous phase can be used for their determination after being washed with chloroform. 

The behaviour of tin(IV) and lead ions in extraction from hydrochloric acid solu- 
tions with a xylene solution of Amberlite LA.2 has been studied by Nakagawa.ls 
Tin(W) can be extracted from hydrochloric acid solutions between 5 and 9M up to 
98 “/i ; lead extraction is about 40% from 2M acid, decreasing rapidly with increasing 
acid concentration to become negligible at concentrations above 8M. A method for 
the separation of tin and lead was suggested in which the solution of the metal ions 
is adjusted to between 7 and 8M in hydrochloric acid. Two extractions are made 
using a lo:/, solution of Amberlite LA.2. The combined organic phases are then 
washed with fresh 7-8M hydrochloric acid to remove traces of lead, and the tin 
returned to the aqueous phase by stripping with three consecutive volumes of 0.5M 
nitric acid. 

Hirano, Mizuike and IidazO have employed Amberlite LA.2 as a 10% solution in 
xylene for the determination of traces of cadmium in thorium compounds. The 
sample, containing about 10 g of thorium, is dissolved in hydrochloric acid and sodium 
fluoride solution, evaporated almost to dryness after addition of nitric acid, then taken 
up with 5 ml of concentrated hydrochloric acid and 35 ml of water. The cadmium in 
the solution is extracted with two lo-ml volumes of the exchanger. The combined 
extracts are washed twice with small volumes of 1M hydrochloric acid to remove iron 
and the cadmium back-extracted using two 5-ml volumes of 2M nitric acid. The 
cadmium in the extract is then determined polarographically. It is claimed that the 
separation can be applied to cadmium determinations as low as 0.01 ppm with a rela- 
tive error of less than 10%. 

Unpublished work, reported to the author, 59 shows that macro quantities of lead 
may be extracted using a 20% solution of Amberlite LA.2 in hexone. From a lOO-ml 
volume of solution containing the equivalent of 0.13 g of PbO, 5 ml of concentrated 
hydrochloric acid and 1.5 g of potassium iodide, two extractions with the exchanger 
followed by one extraction with hexone alone will achieve a lead extraction of over 
99%,: The concentration of acid and iodide appears to be rather critical. Presum- 
ably, other metal iodides, such as those of tin, antimony, bismuth and cadmium, 
could be extracted under similar conditions. 

Although the Amberlite exchangers have received the widest attention, other 
amines have proved of great value for certain separations. It has been shown by 
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Baeckmann and Glemser,21 using a solution of a tertiary amine such as tribenzylamine 
(TBA) in chloroform, that it is possible to separate iron(II1) chloride from elements 
which do not form anionic chloro complexes, such as aluminium, silicon, zirconium, 
titanium, hafnium, thorium, niobium, tantalum, nickel and alkali and alkaline earth 
metal ions. The extraction is made from 5M hydrochloric acid solution using a 0*2M 
solution of TBA in chloroform, when a quantitative separation can be achieved. The 
iron may be back-extracted into the aqueous phase using hydrochloric acid solutions 
less than 0*5M. 

The separation of niobium and tantalum has been achieved by Ellenburg, 
Leddicotte and Moore,22 using TBA in chloroform. Niobium can be extracted easily 
with equal volumes of aqueous and organic phases, whereas tantalum extraction was 
minimal. The extraction of niobium is dependent on the concentration of TBA in the 
organic phase-the distribution coefficient rising from 0.20 using 1.25% TBA to 74.4 
using 8% TBA. The corresponding values for tantalum are 0.003 and 0.002, respec- 
tively. The concentration of acid is quite critical. Using 8% TBA in chloroform, 
practically no extraction occurs below 8M hydrochloric acid. At 9M acid the Kd 
value is 5.05 for niobium and 0.0013 for tantalum; from 11 M hydrochloric acid the 
Kd values are 74.4 and 0.0025, respectively. When methylene chloride is used instead 
of chloroform the extraction is even better, niobium giving a Kd of 80.5 and tantalum 
0.0023 from 11 M hydrochloric acid. The reason for the success of the separation 
achieved under these conditions is explained by ‘the extraction of niobium as an oxy- 
chloride complex of the type H(NbOC1,) or H,(NbOCl,), while neither chlorotantalates 
nor oxychloride complexes of tantalum are presumed to exist in aqueous solution’. 
The investigation was extended to extraction from sulphuric acid solutions. Quanti- 
tative separation of tantalum and niobium is possible from 4*5M acid solution. The 
acid concentration is stated to be very critical. Both niobium and tantalum are 
extracted from oxalic acid solutions using TBA in chloroform and methylene chloride; 
on the other hand, if the solvent is changed to benzene, toluene, xylene or carbon 
tetrachloride, no extraction of either metal takes place. 

Using a 5% solution of methyldioctylamine (MDOA) in xylene, Leddicotte and 
Moorez3 showed that niobium and tantalum could be separated satisfactorily. The 
radioactive isotopes g5Nb and lsnTa were used in the investigation. From hydrochloric 
acid solutions the extraction of tantalum is only 0.25% at 3M acid concentration, 
rising to only 1.4% in concentrated acid. With niobium, on the other hand, extraction 
is 2.4% at 3M hydrochloric acid with the percentage extraction increasing rapidly 
above 6M acid to reach over 99% at 8M. From nitric acid solutions neither niobium 
nor tantalum extracts appreciably up to 10.6M; from sulphuric acid solution up to 
12M very little niobium extracts, but tantalum extraction is appreciable at 2M sul- 
phuric acid, decreasing with increase in acid concentration. 

Following the investigation into these separations for tantalum and niobium using 
MDOA and TBA, Mahlman, Leddicotte and Moore= examined the extraction of 
chromium, manganese, iron, nickel, copper, zinc and cobalt. In each case the course 
of the extraction was followed by using radioactive materials. From aqueous hydro- 
chloric acid solutions using an 8 o/o solution of MDOA in trichloroethylene, chromium 
extraction is only about 2o/o, and nickel less than l%, irrespective of the acid con- 
centration from O-1 to 10M. Very little manganese is extracted below 5M hydrochloric 
acid and only 32% from 10M. Iron extraction becomes appreciable above about 
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0*5M and reaches a maximum at 94/95% between 4 and 5M acid, remaining at more 
than 90% even in 10M hydrochloric acid. Cobalt extraction is less than 2% in 3M 
acid, rising rapidly to 85% in 10M acid. Zinc, on the other hand, extracts readily 
from 0.5M acid, with quantitative extraction occurring from 2 to 10M acid. When 
chloroform is substituted for the trichloroethylene, cobalt does not extract until 8M 
acid, while zinc gives a maximum extraction of 85% at 3M acid. When the organic 
diluent is changed to xylene, cobalt extraction does not reach 2% until 4M hydro- 
chloric acid, and is only 21% in 10M acid. Zinc again shows maximum extraction 
in 3M acid-over 99%, with over 95% extraction taking place from all solutions 
between 1 and 1OM. When TBA is used in place of MDOA, maximum zinc extraction 
of 72% again occurs at 3M acid with negligible cobalt extraction occurring below 
6M acid. 

Other amines which have been used by a number of workers are tri-iso-octylamine 
and tri-n-octylamine. Marchart and Hechtz5 have examined the extraction behaviour 
of tantalum and niobium with tri-iso-octylamine from various acids and acid mixtures. 
The distribution coefficient is dependent on the acid concentration and on the nature 
of the complexing agent used. A method is given for the separation of the two metals 
from nitric/hydrofluoric acid solution. 

The distribution of septivalent rhenium between nitric acid solutions and tri-iso- 
octylamine has been investigated by Kertes and Beck.26 Variation in the rhenium 
molarity in the organic phase shows that the species extracted is free perrhenic acid, 
HReO,. 

Using tri-iso-octylamine hydrochloride, Lorenzini, Stoppa and Barbieri2’ sepa- 
rated gram-quantities of uranium from solutions of 8M hydrochloric acid before the 
spectrographic determination of the rare earth elements. A 6-g sample of uranium 
metal is dissolved in 50 ml of 8M hydrochloric acid and extracted with five lOO-ml 
portions of 0*3M tri-iso-octylamine hydrochloride in a xylene/octanol mixture (19: 1). 
Any iron present is extracted with the uranium. 

White, Kelly and Li2s have converted tri-n-octylamine (TOA) to its hydrochloric 
and perchloric salts before an investigation into the chloride complexes of iron(III) and 
indium(II1). The tertiary amine is dissolved in benzene and equilibrated with equal 
volumes of 1M hydrochloric and perchloric acid to convert it to the appropriate salt. 
The amine itself is a light yellow colour; its hydrochloride and perchlorate salts in 
benzene are light yellow and slightly pink, respectively. The investigation was made 
using the radioactive materials 5sFe and l141n; the aqueous phase contained the metal 
ion in a concentration of the order of lo-‘M and varying concentrations of hydro- 
chloric acid and/or perchloric acid. The organic phase contained the TOA salt in 
benzene and in each case was equilibrated with an equal volume of the aqueous phase 
to be used, without the radioisotope. Equal volumes of aqueous and organic phases 
were shaken for a number of hours at 25 f O-5“, then allowed to settle for 1 hr before 
measurement of the radioactivity of each phase. No extraction of iron or indium 
occurs from perchloric acid solutions less than 2M with no chloride present, indicating 
that the perchlorate ion does not form anionic complexes with either iron or indium 
in the organic phase. The distribution coefficient (defined as the concentration of 
metal ions in the organic phase divided by the concentration of metal ions in the 
aqueous phase) for both iron and indium are second power dependent on the 
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TOA/hydrochloric acid concentration in the benzene phase, indicating that the 
negatively charged complexes FeCls2- and InCls2- are formed in the organic phase. 

The distribution of sulphuric acid between water and a benzene solution of TOA 
and tri-n-hexylamine (THA) has been investigated by Verstegen and Ketelaar.2g As- 
suming that the organic activities of the amine salts, (TOAH),SO, and (THAH),SO,, 
are equal to concentrations, then the law of mass action describes the equilibrium 
until the amine salt exceeds a certain value. The heat and entropy of the formation 
of (TOAH)2S0, have been calculated and the equilibrium leading to the formation of 
(THAH),SO, studied at 25”. Finally, the relative basic strengths of tertiary amines, 
on the basis of infrared measurements of the proton-accepting properties, are dis- 
cussed. It is emphasised by the authors that the results obtained using infrared meas- 
urements may only be interpreted as showing a certain trend because of small variation 
in the proton-accepting property. Furthermore, it is certainly not the only point 
governing the relative basicity of the amines. 

An extensive investigation 3o has been made into the extraction of uranium from 
aqueous sulphate solutions by long-chain aliphatic primary, secondary and tertiary 
amines in various organic diluents. Tertiary amines have a remarkable preference for 
uranium over the other elements normally found in uranium leach liquors. Only 
molybdenum is extracted to any great extent. The extraction coefficients for uranium 
from sulphate solutions at a pH of about 1 are directly proportional to the concentra- 
tion of the amine in the organic phase (see figures quoted earlier for Amberlite LA.1). 
At the same time, the extraction coefficients are dependent on temperature, pH, sul- 
phate concentration and concentration of other anions in the aqueous phase. The 
back-extraction of uranium can be accomplished using dilute hydrochloric acid, 
sodium carbonate, sodium hydroxide or aqueous solutions. Using aqueous ammonia, 
the uranium is precipitated as it is returned to the aqueous phase. Again, there is a 
close parallel with the studies on ion exchange, such as those reported by Burstall 
et aLea 

The tertiary amine didodeccnyl-n-butylamine (Amberlite XE-204) has not been 
investigated to a great extent. However, Dono, Nakagawa and Wada31 have employed 
it for the separation of micro amounts of nickel in cobalt. Approximately 95% of the 
cobalt can be extracted from an 8M hydrochloric acid solution, but nickel does not 
extract from hydrochloric solutions of any concentration. 

Direct spectrophotometric determinations after liquid anion-exchange 

Using a 1% solution of TBA in chloroform, Fasolo, Malvano and Massaglia32 
have extracted chromium(V1) from IM hydrochloric acid solutions. The chloroform 
extracts can be measured spectrophotometrically to obtain the chromium content. 
Maximum absorption occurs at 355 and 458 m,u. Only gold (lOO%), antimony 
(>90%) and mercury (>95%) give appreciable extraction under the conditions used. 
Negligible extraction (< 1%) occurs for copper, cobalt, nickel, zinc, iron, chromium, 
manganese, cadmium, arsenic, uranium, cerium, molybdenum, rare earths and alka- 
line earths. 

Direct spectrophotometric determination of the green cobalt complex in the or- 
ganic phase, after extraction of cobalt thiocyanate using a 20% of TOA in carbon 
tetrachloride, is reported by Selmer-Olsen .= The absorption curve shows two maxima 
(340 and 627.5 mp). Bivalent manganese, nickel and zinc give no colour in the organic 
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layer and do not interfere, while iron gives an absorption maximum at 475 m,u and 
practically no absorption at 627.5 rnp. It is, therefore, possible to determine small 
amounts of iron and cobalt in the presence of each other. 

LIQUID CATION EXCHANGERS 

Coleman, Blake and Brown3 listed 24 liquid cation-exchange materials, but to-date 
only two of these have been used to any extent. These are di-(2-ethylhexyl)ortho- 
phosphoric acid (D2EHPA, DEHPA or HDEHP) and dinonylnaphthalene sulphonic 
acid (DNS). 

DNS is obtained from the manufacturers as an approximately 48% solution in 
n-heptane, and is a mixture of isomers resulting from the sulphonation of dinonyl- 
naphthalene, the dinonylnaphthalene being made by controlled alkylation of naphtha- 
lene with nonene. It is a monobasic acid with only slight solubility in water but 
readily soluble in many organic solvents. White, Tang and Li% analysed the material 
by extraction of a known volume of the solution in heptane with standard potassium 
hydroxide solution, followed by titration of the aqueous phase with standard hydro- 
chloric acid. Kaufman and Singleterry have demonstrated micelle formation by 
DNS in moist benzene, and White et ~1.~ inferred from this ‘that DNS in moist heptane 
may also exist as the polymer, (DNS),.’ 

The behaviour of DNS as a liquid cation exchanger has been examined by White, 
Tang and Li.= Using @‘Co, 54Mn, 5gFe, l141n and 65Zn as radioactive tracers, extrac- 
tions were made from an aqueous phase, containing the metal radioisotope at a con- 
centration of 10-6M, into a heptane solution of DNS in concentrations of the order of 
1O-3 to 10m4F. The heptane/DNS reagent was shaken for a number of hours with an 
equal volume of 0. 1M perchloric acid before use. Extractions were made using equal 
volumes of aqueous and organic phases of Co2f, Zn2+, Mn2+, Fe3+ and In3+ as the 
perchlorates with a varying concentration of perchloric acid to obtain the desired pH, 
at a temperature of 25 & 0.5”. After shaking for a number of hours, the two phases 
were allowed to settle for 1 hr and the activity of the metal ion in each phase 
measured. 

The results show that the distribution coefficients of the bivalent and tervalent ions 
are inversely second power and third power, respectively, dependent on the pH of the 
aqueous phase and first power dependent on the DNS concentration of the heptane 
phase. At the same time, experiments were made to determine the formation constants 
of the indium(II1) complexes of glycolate and bioxalate and the cobalt(I1) complex of 
bioxalate. The formation constants obtained using DNS agree with the values ob- 
tained using a resinous cation exchanger. 

The stability constants of the iron(II1) and indium(II1) chloride complexes were 
investigated by White, Kelly and Li2* using DNS and radioisotopes 5gFe and l141n. 
Using metal ion concentrations of about lo-‘M and varying concentrations of hydro- 
chloric and/or perchloric acid, extractions were carried out using equal volumes of 
aqueous and organic phases. In each case the organic phase was pre-equilibrated with 
an equal volume of the aqueous phase to be used, without the radioisotope. The 
total hydrogen ion concentration in each experiment was kept constant while the ratio 
of hydrochloric and perchloric acids varied. The solutions were shaken at 25 f O-5” 
for a number of hours, then allowed to settle for 1 hr before measuring the radio- 
activity of each phase. 
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A table is given showing the decrease in distribution coefficient for iron(II1) with 
increase in hydrochloric acid concentration and corresponding decrease in perchloric 
acid concentration to maintain the total acid at 1M. The Kd value at 11M per- 
chloric acid is 3.01 and on subsequent substitution of hydrochloric acid for the 
perchloric acid the Kd value becomes 0.65 at O&J4 hydrochloric acid/0*2M perchloric 
acid. By assuming that there is no complexing of M3+ and ClO,-, the stability constant 
for the reaction M* + Cl- --+ MCP+ was calculated by the method of White et aI. 

Good a~eement was found for iron between the stability constants deter~ned 
using DNS and the values in the literature obtained s~ctrophotomet~cally. The 
stability constant of the FeC12+ complex at ionic strengths varying from O-2 to 1.0 is 
independent of whether H+ or Na+ is the cation associated with the perchlorate ion. 
With the indium(III) complex, the substitution of Na+ for H+ as the cation associated 
with the perchlorate ion decreases the value of the stability constant. 

DZEHPA has been employed by McHenry and Posey@ for the separation of stron- 
tium-90 and calcium. Calcium is extracted into the organic phase while the strontium 
remains in the aqueous phase to an extent greater than 95%. The effects of the addi- 
tion of acetic acid, alcohol and 2-ethylhexanol on the recovery of calcium and stron- 
tium and on their distribution coefficients were investigated. 

Using the same reagent, Butler and Ketchen3’ separated cerium-144 and yttrium-91 
from other rare earth fission products, producing a highly pure lp4Ce in good yield. 
The extractions were made from nitric acid solution containing citric acid and the 
cerium was oxidised to the quadrivalent state with permanganate before extraction. 

Using a D2EHPA solution in toluene, Peppard et a1.38 employed fractionation 
extraction of the lanthanides and yttrium from solutions containing various anions- 
nitrate, chloride and sulphate. The extracted lanthanide species do not contain any 
of the anion associated with the lanthanide in the original solution. Once this was 
established the rest of the investigations were carried out from hydrochloric acid solu- 
tions. Using radioisotopes it was found that, under the experimental conditions used, 
the distribution coefficients are directly third power dependent on the concentration 
of D2EHPA in the organic phase and inversely third power dependent on the hydrogen 
ion concentration of the aqueous phase. A further paper by Peppard et aL39 examined 
the relative effectiveness of mono- and di-orthophosphoric esters for the extraction of 
the rare earths. 

Using a 4% solution of D2EHPA in toluene, Arden40 has determined the radio- 
isotope g5Zr in fission products. These products are allowed to cool for a minimum 
period of 15 days, then taken into solution with mineral acids, such as nitric, hydro- 
chloric and sulphuric. A suitable aliquot of the solution is taken, such that the activity 
will not be less than 200 cpm. Niobium, iron and iodine carriers are added, together 
with hydrogen peroxide, and the solution is extracted with carbon tetrachloride. The 
organic phase containing any radio-iodine is discarded and the aqueous phase ex- 
tracted with the toluene/DZEHPA. The aqueous phase is then discarded and the 
organic phase is extracted with potassium thiocyanate solution to remove any radio- 
iron. The organic phase, which contains the radio-zirconium, is then counted using a 
y-scintillation counter. 

The determination of total radio-strontium in milk using D2EHPA in toluene has 
been described by Butler. 41 The major problem in the analysis of milk for total radio- 
strontium is the removal of the large quantities of calcium that are present before 
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counting. Using a 20% solution of D2EHPA in toluene, calcium is removed from 
hydrochloric acid solution by one extraction at pH 3.6-38, followed by a second 
extraction at pH 26-2-8, using equal volumes of aqueous and organic phases. These 
extracts are discarded and the strontium extracted at pH 4%5.0. The strontium is then 
back-extracted from the organic phase using 3M nitric acid and after suitable treat- 
ment the /?-count of the strontium determined. 

At a Symposium on Solvent Extraction Chemistry held at Gatlinburg, U.S.A., in 
1962, a series of papers covering the theory and use of D2EHPA as an ion-exchanger 
was presented. A number of these papers have now been published in the open litera- 
ture.s The reader who is about to use this reagent for the first time is recommended 
to consult these papers in view of the valuable information they contain. 

At the same Symposium a paper on extraction with sulphur-containing organo- 
phosphorus compounds was presented by Handley. 42 Both mono- and di-substituted 
sulphur derivatives of the alkylphosphoric acids were investigated. In general, these 
new reagents extract from mineral acid solutions those metal ions which form insoluble 
sulphides. Because of their stability and wide range of acid tolerance it may be possible 
to use these reagents for many purposes where at the present time xanthates and 
diethyldithiocarbamates are employed. 

CHROMATOGRAPHIC SEPARATIONS USING LIQUID 
ION EXCHANGERS 

Chromatographic separations of a number of cations by means of paper treated 
with liquid ion exchangers have been reported by Testa and Cerrai. In the first 
report@ the paper was treated with a 0.2M solution of TOA. Paper treated with TOA 
behaves very much like a film of anionic resin: it retains the chloride, nitrate and 
sulphate complexes of the various elements in accordance with the strength of the 
complex itself. The cations were used in concentrations of 20-50 lug in hydrochloric 
acid solution for each spot and development was carried out with appropriate reagents, 
such as potassium thiocyanate for iron(III), dimethylglyoxime for nickel and %hydroxy- 
quinoline for cobalt. Using circular chromatography and 4M hydrochloric acid for 
elution, these three ions can be separated satisfactorily. Nickel follows the solvent 
front (Rr O-97) because it is not complexed by hydrochloric acid and hence not retained 
by the amine. Cobalt is partially complexed and gives an Rr value of O-50, while iron 
is completely complexed (Rr 0) and is retained in the original spot by the amine. 
Similarly, using 10M hydrochloric acid, uranium (Rr 0), zirconium (Rr 0.35) and 
thorium (Rr 0.95) can be separated or uranium, zirconium and titanium (Rr 0.85). 
Many other separations are possible using hydrochloric acid of suitable strengths. 
These include iron(III), copper and aluminium using IM acid; uranium, vanadium 
and titanium using 3M acid; zinc and manganese using 3M acid; zinc, cobalt and 
manganese using 4M acid; zinc, manganese and nickel using 10M acid. Separation 
of zirconium (Rf O-25) and hafnium (Rr 0.80) is made using 8M hydrochloric acid plus 
5% concentrated nitric acid. When a 0.2M sulphuric acid solution is used, uranium 
and nickel can be separated from iron and copper, and using 0*5M sulphuric acid 
separation of molybdenum from iron, copper and nickel is possible. 

Descending chromatography was used for the separation of some cation mixtures, 
such as zinc, cobalt and manganese, uranium, zirconium, thorium, vanadium and 
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titanium. By judical selection of the strength of hydrochloric acid for elution, satis- 
factory separations were made of these mixtures. 

The second reportM dealt with the separation of uranium, thorium and lanthanum. 
In this case the chromatographic paper was treated with benzene solutions of various 
concentrations of TOA and elution was made using nitric acid, lithium nitrate, sodium 
nitrate, ammonium nitrate, calcium nitrate and aluminium nitrate. Lanthanum is not 
retained by the amine and so moved with the solvent front, while thorium and uranium 
form well defined spots. Lowering the TOA concentration on the paper effects a 
considerable increase in the Rr values of both thorium and uranium. Increasing the 
strength of the nitrate solution for elution decreases the Rr values for all three cations. 

A third report2 examined the use of TOA-cellulose in chemical separations. What- 
man No. 1 cellulose powder was impregnated with O*lM TOA in benzene and then 
heated for 2 hr at 85” to volatilise the benzene solvent. The treated cellulose was 
crushed in a mortar, then packed into a column, fitted at the bottom with a fritted 
glass disc. This column was then used in a similar manner to a column of ion-exchange 
resin. Nickel, cobalt and iron can be separated by elution with hydrochloric acid, 
similarly, thorium, zirconium and uranium. The authors admit that the exchange 
capacity of this type of column is only 25-30% of that of the common resin but claim 
a number of advantages: 

(1) Because of the white colour of the column the position and movement of 
coloured zones can be easily followed. 

(2) Because the active functional groups are concentrated at the surface of the 
powder grains and the grain size is very small, the column has a high ability 
to fix large molecules, which often cannot penetrate the complex structure of 
anionic resins. 

(3) Very narrow elution peaks are obtained. 
(4) When working with radioactive tracers the column can be easily burned and 

the residue conveniently obtained for radioactive counting; the resins are less 
easily burned. 

The chromatographic separation of the rare earths using paper treated with TOA 
and elution with lithium nitrate has been studied by Testa. Previously reported 
work suggested that the rare earth elements formed anionic complexes in a concen- 
trated solution of an alkaline nitrate. Based on this, Testa determined the Rr values 
for a number of rare earth elements, for various concentrations of lithium nitrate as 
eluting solution, using chromatographic paper treated with @2M TOA in benzene. 
From these Rr values a number of separations of the rare earth elements was shown 
to be possible. The Rr values obtained increase on adding nitric acid to the lithium 
nitrate for elution, indicating that the presence of free nitric acid lowers the formation 
of the complex. The spots from the various elements were developed by means of a 
1 y. solution of 8-hydroxyquinoline in 1: 1 water/alcohol. On exposure of the paper 
strips to ammonia vapour the spots became clearly visible. 

A further study of Cerrai and Testa4s involved the separation of the rare earth 
elements on chromatographic paper treated with a O*lM solution of DZEHPA in 
cyclohexane. The Rr values for 9 rare earths (lanthanum, cerium, praseodymium, 
samarium, europium, gadolinium, dysprosium, erbium, ytterbium) and 7 additional 
elements (yttrium, scandium, thorium, uranium, zirconium, iron, aluminium) as func- 
tions of the molarity of the hydrochloric acid elutriant are given. The spots were 



1576 H. GREEN 

developed using a 1 y0 solution of %hydroxyquinoline in 1: 1 water/alcohol solution. 
A relationship was established between the quantity log (l/Rr - 1) and (1) the atomic 
number of the element, (2) the molarity of the acid used as elutriant, (3) the molarity 
of the solution with which the paper is treated; and (4) the operating temperatures. 
Under the same conditions, the Rt values increase as the atomic number decreases. 
For a given element, the Rr value increases with the strength of the acid used for 
elution and with the operating temperature, and it decreases with the concentration 
of D2EHPA on the paper. Examples are given of the chromatographic separation of 
the rare earth elements from each other and from the other 7 elements mentioned 
previously. 
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FIG. 2.--Separation of the rare earths by gradient elution from a Corvic/HDEHP 
column.47 

(Reproduced by courtesy of Macmillan & Co. Ltd.) 

The chromatographic separation of the rare earth elements using D2EHPA and 
reverse-phase partition chromatography has been described by Pierce et aZ.47*48*49 A 
chromatographic column impregnated with DZEHPA was prepared using poly-(vinyl 
chloride/vinyl acetate) copolymer (‘Corvic’, Imperial Chemical Industries Ltd.) as sup- 
porting medium. Ten g of the copolymer (lo&150 mesh) were mixed with 10 ml of 
solution containing 5 ml of chloroform plus 3 ml of toluene plus 2 ml of D2EHPA. 
The organic solvent was evaporated off and the resulting powder slurried in 0*002M 
perchloric acid and made into a column of the required size. The temperature of the 
column was thermostatically controlled at 60” and a flow rate of 2.0 ml.cm-2.min-1 
used throughout the experiments. It was shown that the separation of the rare earth 
element is possible using elution with perchloric acid. Separation of certain combina- 
tions of the rare earths, such as cerium with praseodymium and europium with gado- 
linium, proved difficult when perchloric acid of constant strength was employed for 
elution. Gradient elution using perchloric acid of gradually increasing strength is very 
successful in separating the rare earth series, the elements being eluted successively in 
the order of increasing atomic number. In order to check the separations, radioactive 
earths were used in dilute perchloric acid solution and the effluent from the column 
was passed through a y-scintillation flow counter. The elution peaks were identified 
using a y-spectroscope and the acidity of the eluate at the peak maxima was determined 
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by titration with standard alkali. Fig. 2 illustrates the results obtained using gra- 
dient elution for separation of the rare earths on a Corvic/DZEHPA column. 

Sastri and Rao50 have described the use of paper impregnated with DNS for chro- 
matographic separations. The paper was treated with a O*lM solution of DNS in 
n-heptane and the solvent removed by blowing hot air. The chromatograms were 
obtained using the ascending technique and the solvent front was allowed to move 
through a distance of 18 cm. More than 20 metal ions were examined using nitric 
and hydrochloric acids as elutriants at strengths between O-1 and l-044. The Rr values 
increase with increase in the strength of the acid used to elute, and the Rr values for 
hydrochloric acid are somewhat greater than for nitric acid. The values obtained are 
in agreement with those expected from the cation-exchange mechanism. A number of 
separations were shown to be possible, e.g., aluminium and beryllium; copper and 
cadmium; iron, titanium and vanadium; indium, gallium and zinc; calcium, barium 
and magnesium; in each case using 0.25M hydrochloric acid. 

NEUTRAL CO-REAGENTS 

Reagents such as tri-n-butylphosphate and tri-n-octylphosphine oxide have been 
classed as ‘neutral co-reagents’ by Coleman et cd3 They are frequently used for extrac- 
tion of metal ions from aqueous solution. It is not the intention of this review to cover 
the use of these extractants. The reader is referred to the summary of much of the 
earlier work carried out with neutral co-reagents by Morrison and FreisetSl and a 
more recent review by White and Ross.~~ 

MISCELLANEOUS 

The determination of amines and alkylphosphates in kerosene solutions, used for 
the extraction of uranium, has been reported by Ashbrook. For the determination 
of an amine the kerosene is shaken with calcium hydroxide, when the sulphuric acid 
present is precipitated as calcium sulphate and the uranium absorbed on the calcium 
hydroxide. The solids are then removed by filtration and the amine determined in the 
filtrate by titration. If alkylphosphates are present it is necessary to extract the ura- 
nium first with 20% sulphuric acid, then to shake the kerosene with calcium acetate. 
The amine is titrated in chloroform solution with a dioxan solution of perchloric acid 
using Thymol Blue as indicator. For the determination of an alkylphosphate the 
kerosene is shaken with sodium methoxide. This precipitates the sulphuric acid as 
sodium sulphate, which is insoluble in chloroform. Excess methoxide is back-titrated 
with perchloric acid to the blue/yellow end-point (pH 8.9) of Thymol Blue. The titra- 
tion with perchloric acid is then continued to the yellow/red end-point of the indicator 
(pH 1.7). At this stage both amine and alkylphosphate are titrated, and the difference 
between this volume of perchloric acid and that used to titrate the amine alone is 
equivalent to the amount of alkylphosphoric acid. 

DamodaranU has recently found that a chloroform solution of tetra-n-hexyl- 
ammonium iodide will extract the highly coloured anion [Co(NH&,(NO,),]- of 
Erdmann’s salt, to give a deeply coloured liquid anion exchanger. Such a solution 
had been used to study exchange equilibria for a number of anions. Typical results are 

(a) F- < Cl- < Br- < I-, 

(b) Cl- < ClO,- < ClO,-, 

(c) BF,- < C104- < 10, < ReO,- < MnO,-. 
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Anions such as SOd2- and POd2-, which carried more than unit charge, are not 
extracted at all. The concentration of erdmannate ion displaced into the aqueous 
phase by the competing anion can be determined spectrophotometrically and so used 
for indirect determination of the anion in question. 

The determination of perchlorate ion using this indirect technique with the erd- 
mannate ion has been described by Clifford and Irving .5s Interference of many other 
ions is overcome by pretreatment of the solution with silver sulphate. The interference 
of chlorate can be serious ; when the ratio of ClO,- to ClO,- is 10: 1 the error is 5%, 
and at a ratio of 100: 1 it is about 35%. The error can be reduced by reduction of the 
chlorate ion to chloride using sulphurous acid or iron(I1) sulphate. If the necessary 
constants are known a suitable correction for the chlorate ion can be calculated. 

The use of reagents of the Erdmann or Morland [Co(NHs),(SCN),]- type opens 
up some interesting possibilities and will undoubtedly extend the use of liquid anion 
exchange. 

FUTURE OF LIQUID ION EXCHANGERS 

It is not because of low potentiality that liquid ion exchangers have not been 
accorded the attention of other extraction systems. As already pointed out, the use of 
liquid ion-exchange extraction dates from 1948, compared to, say, resinous ion ex- 
change, which may be said to have started in 1935 with the discovery by Adams and 
Holmes of the ion-exchange properties of certain synthetic resins.57 

The reasons for the lack of attention to liquid ion exchangers are not easily defined. 
Partly the cause may be lack of knowledge of the fundamental principles of the tech- 
nique, and partly the belief that extractions with such materials are only an extension 
of normal solvent extraction processes and not a separate technique at all. The tend- 
ency for emulsion formation between the aqueous and organic phases may be a con- 
tributory cause, again because of lack of basic knowledge to enable this to be avoided. 
In most cases the need for stripping the organic extract to complete the analysis, 
compared with the ease with which the extracts from chelate extractions may be util- 
ised directly for spectrophotometric measurement, has undoubtedly contributed to lack 
of interest in their use. On the other hand, the rapidity with which the ion-exchange 
process is completed using liquid exchangers, instead of resinous exchangers, does not 
appear to have been of such wide interest to the users of ion exchange as might have 
been expected. This is probably because many analytical separations using resinous 
exchangers are made by the techniques of ‘selective elution’ or ‘frontal analysis’. 

What then is needed to make the technique of liquid ion exchange acceptable to 
more analysts ? 

1. Greater basic knowledge of the principles involved. 
2. Some means of assessing the relative ‘strengths’ of the exchangers. 
3. Investigations into the change in extraction properties of the exchangers which 

occurs when the organic diluent is changed. 
4. Greater selectivity in separations, e.g., by choice of a suitable exchanger for the 

particular separation or by a suitable selective back-extraction technique. 
5. Easier ways of employing the organic phase directly for determination of the 

extracted ions. 

The possibilities of liquid ion exchangers are slowly becoming apparent as analy- 
tical methods employing these materials are published. Bennett and Marshall’s 
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pointed out the tedious nature of the current methods for the analysis of chrome ores 
and chrome-bearing materials and the discrepancies which can occur between labora- 
tories analysing these materials. By employing liquid ion exchange the time taken in 
analysis was reduced appreciably and reproducibility improved. 

Green16 showed that liquid ion exchange could be made to work directly for the 
separation of uranium in cast iron without prior separation stages other than removal 
of the graphitic carbon. Selectivity was achieved without the use of complexing agents 
or close control of pH. 

In their work on chromatographic separations, Cerrai and Testa2*43*44 and Pierce 
et u1.47*48*4g have demonstrated that the often difficult separation of rare earth mixtures 
can be achieved quite readily using paper cellulose treated with liquid ion exchangers, 
while Damodaran,= Clifford and Irving5 and Handley42 have shown that the field of 
liquid ion exchange separations may become very much wider. 

In radiochemical analysis, the fact that the activity of the organic phase may be 
measured directly shows a distinct advantage over the use of resin exchangers, where 
the particular isotopes have first to be eluted, then their activity measured. 

Zusammenfassung-Eine &ersicht iiber neuere Anwendungen fliissiger 
Ionenaustauscher in der anorganischen Analyse wird vorgelegt. 

R&m&--On pr&ente une revue sur les emplois &cents des echangeurs 
d’ions liquides en analyse inorganique. 
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Sununa~-The method is based on a qualitative teat for acetaldehyde 
in which the reagents sodium nitroprusside and piperidine react with 
acetaldehyde to form a coloured substance that can be determined 
photometrically. This substance is unstable, however, and after 
reaching a maximum value in about 25 set the absorbance decreases. 
Ethylene oxide also reacts with sodium nitroprusside to form brownish 
substances, but this reaction is slower, the colour not developing for 
100420 sec. If, therefore, the absorbance is measured about 25 set 
after adding the reagents, any disturbance from the ethylene oxide is 
avoided. 

INTRODUCTION 

THE determination of impurities in ethylene oxide is complicated by its low boiling 
point and by its reactivity with a large number of substances, there being few reagents 
that do not produce disturbing side reactions. Gas chromatography and direct 
spectrophotometry can be applied for acetaldehyde concentrations down to about 
20 pmole/ml, but it is necessary to be able to determine concentrations as low as 
0.2 ~mole/ml. The following photometric method has been worked out for this 
purpose. 

PRINCIPLES 

Sodium nitroprusside reacts with a number of substances to form coloured 
compounds. It also reacts with an aqueous solution of acetaldehyde in the presence 
of an organic base such as piperidine. ls2 The mechanism of the reaction of sodium 
nitroprusside with acetaldehyde has been discussed by Williams.3 The reaction was 
described for the first time by Simon,4 and its use has since been reported in several 
papers. 5-9 The base used was piperazine. The reaction has been used as a qualitative 
test for acetaldehyde in water. 4 The resulting colour, which is bluish-red, attains its 
maximum intensity after 20-30 set, and then quickly decreases, to be replaced after 
about 1 min by the same golden brown colour as is obtained from a blank. A method 
based on the sodium nitroprusside reaction with an aqueous solution of acetaldehyde 
has recently been published.lO 

When added to ethylene oxide, which reacts with amines, and consequently with 
piperidine, sodium nitroprusside and piperidine give a brownish colour after 100-120 
sec. By mixing sample and reagents in the cell of a direct reading spectrophotometer 
the development of the colour may be followed. A maximum at 575 nm results from 
the reaction of acetaldehyde, and the absorbance reaches its highest value after about 
25 set and then decreases. After 90-120 set the absorbance increases again, now 
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because of the reaction of ethylene oxide with the reagents: the substances formed 
absorb all visible radiation strongly. 

The procedure described below enables the absorbance maximum from the 
acetaldehyde reaction to be read off easily on the instrument. A calibration curve 
based on such readings obeys Beer’s law, and gives a molar absorptivity of 2000-3500 
litre.cm-l.mole-l, depending on the dilution of the sample. Experiments have 
shown that the logarithm of the absorbance is a linear function of the ethylene oxide 
concentration at a given acetaldehyde concentration, and that the absorbance increases 
with a decreasing ethylene oxide concentration. This means that a nomogram can be 
constructed in such a way that only one calibration curve is necessary to cover any 
dilution of the sample. 

The reaction may be disturbed by a number of substances (e.g., organic sulphides 
and mercaptans) but not by the impurities normally present in ethylene oxide made 
from ethanol or ethylene. Formaldehyde does not interfere with the reaction, because 
only aldehydes capable of forming aldoles, i.e., compounds with at least two carbon 
atoms, react with sodium nitroprusside.3 

Reagents 

Piperidine: Puriss. 

EXPERIMENTAL 

Sodium nitroprusside: In aqueous solution, 10% w/w; dissolve 10 g of Na,[Fe(CN),N0]2H,O in 
90 ml of distilled water. 

Apparatus 

Beckman B spectrophotometer: Setting: wavelength, 515 nm; photomultiplier, position A; 
sensitivity, 2; slit width, ea. 0.11-O-12 mm. 

Standard solutions 

A calibration curve has to be drawn for a suitable dilution of freshly distilled ethylene oxide with 
distilled water. Two dilutions of the ethylene oxide samples may be used, one of 5 % v/v (dilution A) 
for concentrations of acetaldehyde in the sample exceeding 2.3 x 10es mole/ml (0.01% w/v), 
and one of 20% v/v (dilution B) for lower concentrations. At room temperature it is difficult to 
obtain good results with samples of a higher ethylene oxide concentration than 20% because of the 
low boiling point of ethylene oxide. 

If the dilutions A and B are chosen, prepare two series of standard solutions as follows: make 
stock solutions of dilutions A and B, each containing 0.005 % of acetaldehyde w/v. Transfer known 
volumes of the stock solution to volumetric flasks, and make up to the mark to give the appropriate 
dilution A or B. Prepare at least 4 solutions in each series, with the acetaldehyde concentrations 
evenly distributed over the range of measurement. 

Blanks 

Prepare blanks for the adjustment of the instrument as follows (three blanks are recommended to 
ensure-reliable adjustment): pipette 0.30 ml of sodium nitroprusside solution into a l-cm cell. 
(Exneriments, in which the volume of nitrourusside solution was varied from 0.1 to 0.4 ml, indicated 
thai the optimum volume was O-3 ml.) Pipette 200 ml of dilution A or B (without acetaldehyde) and 
0.20 ml of piperidine into a 5-ml test-tube, and shake carefully for 10-l 5 set to obtain a homogeneous 
mixture. To avoid the formation of bubbles do not invert the test-tube when mixing, but effect the 
mixing by small rapid lateral movements of the tube. Nor should the mixture be shaken too long, 
(at most 10-15 set), because the heat of reaction may produce vapour bubbles. After shaking, 
transfer the solution to the cell by means of a pipette. To ensure complete mixing in the cell use a 
2-ml pipette provided with a rubber bulb, or use a syringe. To avoid the formation of bubbles, direct 
the solution along the wall of the cell. Within the next 25 set set the absorbance scale of the spectro- 
photometer at zero with the slit, because after this time the solution may turn brown. Repeat the 
procedure for 3 blanks. Only 1 zero adjustment is necessary for each test series. 
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Calibration curve 

Treat the prepared standard 
nitronrusside solution into a 1 

solutions as described above under Blanks. Pipette 0.30 ml of sodium 
-cm cell. Pipette 0.20 ml of piperidine and 2.00 ml of the standard 

solution into a 5-ml test-tube, mix, and transfer the mixture to the cell. Perform the measurement 
at once and at room temperature. After the sample and reagents are mixed the absorbance increases 
to reach a maximum after ca. 25 set: this lasts a few seconds. after which the absorbance decreases 
again. Read off the maximum value, and use this for drawing the calibration curve. 

Dilution A gives a linear calibration curve in the concentration range of 0 - 2 x KY0 mole of 
acetaldehyde per ml of undiluted ethylene oxide (0 - 9 x lwa% w/v; absorbance O-06) and 
dilution B gives a linear curve in the range of 0 - 4.5 x 10-O mole of acetaldehyde per ml of undiluted 
ethylene oxide (0 - 20 x 10-8% w/v; absorbance O-0.6). 

Measurements of samples 

Dilute the unknown ethylene oxide sample with distilled water to 5% (dilution A) or 20% 
(dilution B), the dilution depending on the expected concentration of acetaldehyde. Set the spectro- 
photometer at zero as described under Blanks. Perform the measurements as described under 
Calibration carve, with the standard solution replaced by 2.00 ml of the diluted sample solution. As 
mentioned under Principles, there is a linear relationship between the logarithm of the absorbance 
and the degree of dilution of the ethylene oxide sample. Therefore a nomogram can be constructed 
where the calibration curve for a chosen dilution of ethylene oxide can be used for any dilution of the 
sample. 

DISCUSSION 

To obtain good results the determinations must be made with great care. Routine 

measurements have, however, been carried out at our laboratory for more than a 
year without difficulties. 

The standard deviations are l-5 x 1O-8 and 2.4 x 10Ws mole per ml of ethylene 
oxide (original sample) for dilutions of 5 and 20 times, respectively, of the sample. 
Because the accuracy of the final results is dependent on the purity of the ethylene oxide 
used for making the calibration curve, it is important that this should be freshly and 
carefully distilled. We have used a Podbielniak column (120 theoretical plates) for the 
distillation. 

The method is applicable to ethylene oxide samples diluted at least 4: 1; otherwise 
bubbles appear which make it impossible to measure the samples in a spectrophotom- 
eter at room temperature. Large amounts of propionaldehyde or acrolein (bO.1 %) 
react with the sodium nitroprusside to increase the absorbance. The presence of 
formaldehyde does not affect the determination. 

In most of the experiments piperazine has been used as the base. Lewinl describes 
experiments in which piperidine was used. A comparison between piperidine and 
piperazine that we carried out on samples with different concentrations of acetaldehyde 
showed that piperidine gives a 10 times higher absorptivity. 

Acknowledgement-The author is very indebted to Mr. Jan Siiderberg, who has carried out most 
of the experimental work and to Mrs. Margareta Carlson for translating the manuscript and for many 
valuable suggestions. 

Zusammenfassung-Bei einer qualitativen Probe auf Acetaldehyd 
reagiert dieser mit Nitroprussidnatrium und Piperidin zu einer photo- 
metrisch bestimmbaren farbigen Substanz. Die Substanz ist jedoch 
instabil; die Extinktion sinkt von einem nach etwa 25 Sekunden er- 
reichten Maximalwert wieder ab. Athylenoxyd readier? such mit 
Nitroprussidnatrium zu braunlichen Produkten; diese Reaktion ist 
langsamer, die Farbe tritt erst nach lOO-120~Sekunden auf. Wird 
daher die Extinktion etwa 25 Sekunden nach Zugabe der Reagentien 
gemessen, so wird die Stiirung durch Athylenoxyd vermieden. 
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R&ann~La methode est basee sur un essai qualitatif de l’acetaldehyde 
dans lequel le reactif: nitroprussiate de sodium et piperidine, reagit 
avec l’acetaldehyde pour donner une substance color&e, qui peut etre 
dosee photometriquement. Cette substance est toutefois instable, et 
apres avoir atteint une valeur maximale en 25 secondes environ, 
l’absorption d6croit. L’oxyde d’ethylene reagit aussi avec le nitro- 
prussiate de sodium pour former des substances brunltres, mais cette 
reaction est plus lente, la couleur ne se developpant pas pendant 
loo-120 secondes. Si, par consequent, l’absorption est mesuree 
environ 25 secondes apres l’addition des reactifs, toute perturbation 
dtie a l’oxyde d’tthylene est Bvitee. 

1 L. Lewin, Ber., 1899,32, 3388. 
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Summary-The anion-exchange behaviour of bismuth and various 
other elements has been investigated in media consisting of methyl 
glycol and nitric acid. Through the determination of the distribution 
coefficients in such mixtures, a method for the anion-exchange separa- 
tion of bismuth from many metal ions has been developed. A mixture 
of 90 ‘A methyl glycol and 10 % 5M nitric acid is a suitable medium 
for this separation on the strongly-basic anion exchanger Dowex 1, 
X8. Only bismuth, thorium and lanthanum are strongly retained on 
the resin in these conditions. All other elements investigated, such 
as lead, copper, iron, etc., are either only weakly adsorbed or are 
not absorbed. By means of this ion-exchange procedure, a series of 
analyses of copper-base alloys for bismuth has been carried out. 
The results show that this method can be used successfully for the 
quantitative isolation of bismuth from such materials. The final 
determination of bismuth in the eluates is performed by complexometric 
titration. 

INTRODUCTION 

THE anion-exchange behaviour of bismuth in pure aqueous nitric acid solutions 
has been investigated in detail by Buchanan and Faris,r who found that this element 
is rather weakly adsorbed on strongly basic anion-exchange resins, even at high 
concentrations of nitric acid; its adsorption is, however, markedly enhanced in the 
presence of ammonium nitrate. A similar increase has also been observed by 
Korkisch and Teraa in a 90% methanol-10% 5M nitric acid system, and Fritz and 
Greene3 noted a similar phenomenon when they determined the distribution of bis- 
muth in 1.5M nitric acid-85% isopropanol. 

Because the adsorption of lead is comparatively high in both these organic 
solvent-nitric acid media, and also in 90% acetic acid-lo% 5M nitric acid, as shown 
by Korkisch and Arrhenius,4 a separation of these two elements from each other 
cannot easily be effected. Recent investigations by Korkisch and Feik5 have shown 
that in a mixture consisting of 90% tetrahydrofuran and 10% 5M nitric acid the 
adsorption behaviour of bismuth and lead is such that a separation of these two 
elements can easily be carried out. Because bismuth is, however, accompanied by 
practically all other elements, its separation from metal ions such as copper, iron, 
nickel, zinc, etc., is not feasible, and therefore a determination of bismuth in presence 
of all these elements is complicated by interferences. In order to overcome these 
difficulties several organic solvent-nitric acid mixtures have been studied. As a 
result of these investigations a medium consisting of methyl glycol and nitric acid 
has been found to be most suitable, not only for the separation of bismuth from 
lead, but also from practically all other elements usually present in copper-base 
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alloys. The method described here can therefore be applied to the isolation and 
determination of bismuth in such alloys. 

Because uranium can also easily be separated from bismuth, which is used in 
reactor cooling systems, this method might prove of importance in the field of 
reactor chemistry. 

Reagents 
EXPERIMENTAL 

Zon-exchange resin: The strongly-basic anion exchanger Dowex 1, X8 (100-200 mesh, nitrate 
form) was used. 

Standard solutions of bismuth and other elements: Solutions in 5M nitric acid, of precisely known 
element content, were employed. 

Organic solvent: Methyl glycol of reagent-grade purity. 
Wash solution: 90% (vol) of methyl glycol + 10% (vol) of 5M nitric acid. 

Apparatus 

The column operations were carried out in columns of the type and dimensions described 
earlier.O The height of the resin bed was 10 cm and its diameter 0.6 cm. 

Quantitative determination of elements investigated 

The determinations of bismuth and all other elements except uranium, which was determined 
fluorimetrically,’ were performed by titration with 0.01&f or OGOlM EDTA, using suitable indi- 
cators, e.g., Xylenol Orange. 

Determination of distribution coejicients 

The distribution coefficients of all elements were determined in the manner described earlier.B 

Column operations 

All separations on resin columns were performed by the following working procedure. 
Pretreatment of resin bed: Before passage of the sorption solution the resin was treated with 

50 ml of the wash solution. 
Sorption step: The sorption solution was prepared by diluting 2 ml of 5M nitric acid, containing 

the metal ions in question, with methyl glycol to 20 ml. This solution was passed through the 
column at a flow rate of 0.5 ml/min. During this operation, bismuth, thorium and lanthanum 
were strongly adsorbed, and lead to some extent; the other elements, such as copper, zinc, etc., 
passed into the effluent. 

Washing step: To remove lead completely from the column the resin bed was washed with 
150 ml of the wash solution used in small portions. 

Elution: The bismuth was eluted with 100 ml of l&f nitric acid. After evaporation of the eluate, 
bismuth was determined by titration with EDTA using Xylenol Orange as indicator. 

In the analysis of copper-base alloys, 2 g of the sample were dissolved in nitric acid and the 
residue obtained after evaporation of the solution was dissolved in 10 ml of 5M nitric acid. To 
l-ml aliquot of this solution 1 ml of a bismuth standard solution was added, and after dilution to 
20 ml with methyl glycol the solution was passed through the column as described above. In blank 
runs, 1 ml of 5M nitric acid was used instead of the bismuth standard solution. 

RESULTS 

Investigation of the effect of methyl glycol concentration on the adsorption of 

bismuth at a constant over-all nitric acid concentration of 0.5M (10% of 5M nitric 
acid) showed a linear decrease of the distribution coefficient with decreasing 
concentration of organic solvent. 

An increase of the nitric acid concentration in solutions consisting of 90% methyl 
glycol caused the distribution coefficient of bismuth to increase linearly from 115 
(in the presence of 10% of 2.5M nitric acid) to 460 (in presence of 10% of 10M 
nitric acid). Although better adsorption can evidently be achieved in the latter case, 
mixtures with 10% of 5M nitric acid were invariably used for all other experiments, 
such as the separations, because the solubility of the nitrates of the investigated 
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metal ions is still high enough in these media, whereas at much higher concentrations 
of nitric acid the solubility is low. 

Loading experiments showed that the distribution coefficient of bismuth decreases 
with increasing load from 230 to 185, when equilibrating 5-30 mg of bismuth with 
1 g of the resin. 

Investigation of the adsorption of various other elements in 90% methyl glycol- 
10% 5M nitric acid media showed that besides bismuth only lanthanum and thorium 
are strongly retained on the resin. The results of these experiments are recorded in 
Table I. 

TABLEI.-DISTJUBUTIONCOEFFICIENTSIN 90% METHYLGLYCOL-10% 5M 
NITRICACIDONDOWEX 1,X8 

Metal ion Distribution coefficient, 
5 mg/20-ml load 

BiIII 

PbI1 
Cu” 
ZnlI 
Cd” 
Al”I 
GalI1 
InlI1 
Mn*r 
FelI1 
Co” 
.NiII 
ZrIV 
HfIV 
ThIv 
Mg’I 
Ca” 
SCIII 
La”’ 
YblI1 
UO,‘I 

230. 
28.6 

<l- 
<l* 

5. 
<l* 

2-2 
7.7 

<l. 
<l. 
<I. 
<l. 
tl. 

3. 
1,700. 

<l* 
5. 

9,z. 
4. 
6-6 

It is seen that bismuth can easily be separated from most of the elements listed 
in Table I. Fractions of micrograms of the element can be separated from milligram 
quantities of other metals. For the quantitative separation from lead, however, 
a prolonged treatment with the wash solution is necessary (see Experimental). 

Based on all these investigations several samples of copper-base alloys to which 
known amounts of bismuth were added have been analysed using the working pro- 
cedure described above. From the results of these experiments, which are shown 
in Table II, it is seen that in all cases a quantitative separation of bismuth from the 
elements present in the samples was achieved, the error being within small limits. 
From a number of experiments with varying amounts of the elements, a relative 
standard deviation of f 1.65% was calculated. 

In order to demonstrate the effectiveness of the separation method more clearly, 
a typical separation of lead from bismuth is shown in Fig. 1 from which it is seen 
that even when washing with 260 ml of the wash solution no trace of bismuth appears 
in the effluent. Because practically all other elements investigated except lanthanum 
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TABLE II.-DETERMINATION OF BISMUTH IN COPPER-BASE ALJAIYS 

Composition of alloy 
(major constituents) 

Bismuth added, Bismuth found, 
W mg 

1. Cu (65 %), Zn (35 %) 

2. Cu (65%), Zn (16%) 
Ni (17 %), Pb (1%) 
Fe (0.7 %) 

3. Cu (70%), Zn (30%) 

4. Cu (80%), Zn (10%) 
Pb (8 %) 

5. cu (75%), Zn (10%) 
Nl(5 %), Pb (5 %) 

0.0 0.0 
0.5 0.51 
5.0 5.02 

10.0 9.98 
0.0 0.01 
0.5 0.5 
5.0 5.02 

10.0 10.03 
0.0 0.0 
0.5 0.48 
5.0 501 

10.0 10.0 
@O 0.0 
0.5 0.51 
5.0 498 

10.0 9.99 
0.0 0.02 
0.5 0.52 
5.0 5.03 

10.0 10.04 

90% Methyl glycol-10% 5klHN03 

1 Pb 

I MHNO3 

A Bi 

Volume of effluent, ml 

FIO. l.--Separation of lead from bismuth. 

and thorium have distribution values smaller than that of lead (see Table I), their 
quantitative separation from bismuth can effectively be carried out even if present 
in large amounts (see Table II). 

Acknowledgement-Acknowledgement is made to The Petroleum Research Fund, administered 
by the American Chemical Society, for support of this research (PRF-grant No. 1587-A3). 
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Zusammenfassnng-Das Anionenaustauschverhalten von Wismuth turd 
verschiedener anderer Elemente wurde in Medien bestehend aus 
Methyl-Glykol und Salpeterslure untersucht. Auf Grund von 
Bestimmungen der Verteilungskoethzienten in solchen Mischungen 
wurde eine Methode zur Anionenaustauschtrennung des Wismuts 
von vielen Metallionen entwickelt. Eine Mischung bestehend aus 
90 % Methyl-Glycol und 10 % 5M Salpeterslure erwies sich als am 
besten geeignet zur Trennung am stark basischen Anionenaustau- 
scher Dowex 1, X8. Unter diesen Bedingungen werden nur Wismut, 
Thorium und Lanthan stark am Harz adsorbiert wlhrend alle anderen 
Elemente wie z.B. Blei, Kupfer, Eisen etc. tiberhaupt nicht oder nur 
schwach festgehalten werden. Mittels dieses Verfahrens wurde 
Wismut in einer Anzahl von Kupferlegierungen bestimmt. Die 
Ergebnisse dieser Untersuchungen zeigten, da8 diese Methode erfol- 
greich zur quantitativen Abtrennung des Wismuts aus solchen Materi- 
alien angewendet werden karm. Die Endbestimmung des Wismuts in 
den Eluaten erfolgte durch komplexometrische Titration. 

Resum&On a Ctudie le comportement, au point de vue echange 
anionique, du bismuth et de divers autres elements dans des milieux 
propyleneglycol-acide nitrique. Par la determination des coefficients 
de distribution dans de tels m&urges, on a Blabore une methode de 
separation oar eChange anionioue du bismuth de nombreux autres ions 
m&allique< Un m&nge compose de 90% de propyleneglycol et 10% 
d’acide nitriaue 5M s’est rev& etre le milieu le nlus convenable Dour 
cette separati’on, sur l’echangeur anionique fortement basique Dowkx 1, 
X8. Seuls, le bismuth, le thorium et le lanthane sont fortement 
retenus sur la r&sine dans ces conditions, cependant que tous les autres 
elements Studies, tels le plomb, le cuivre, le fer, etc. . . , ne subissent 
qu’une adsorption faible ou nulle. Au moyen de cette methode 
d’echange d’ions, on a effectue une serie d’analyses, concemant le 
bismuth, sur des alliages a base de cuivre. Les resultats de ces 
recherches ont montre que cette methode peut etre utilisQ avec suc& 
pour l’isolement quantitatif du bismuth de tels mattriaux. Le dosage 
final du bismuth dans les eluats a 6te effectue par titrage complexo- 
metrique. 
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Summary-On the basis of the Christiansen-Nielsen model for nu- 
cleation, the nucleus of lead chromate precipitated from homogeneous 
solution has been found to consist of about five ions. The critical 
supersaturation values of solutions of lead chromate are dependent 
upon the method of filtration; however, a change in supersaturation 
of about 25% is without effect on the size of the critical nucleus. 

THE nucleation of sparingly soluble salts may be considered to take place in two 
steps, the first being the production of supersaturation within the system and the 
second the formation of the nucleus within the supersaturated system.la2 In the 
present investigation an attempt is made to elucidate the mechanism of nucleation 
of lead chromate, to determine the degree of supersaturation which must be attained 
for nucleation to occur, and to learn the effect of the degree of supersaturation on 
the size of the critical nucleus. 

Christiansen and Nielsen3 proposed that the mechanism of nucleation proceeds 
by a series of bimolecular collisions between precipitating ions and subcritical 
embryos. Klein, Gordon and Walnut4 modified the Christiansen-Nielsen approach 
to make it applicable to the determination of the critical nucleus size in precipitations 
from homogeneous solution. In their modification, they obtained 

N = kJ[I.P.]” dt (1) 

where N = number of nuclei and hence number of particles found, 
k = a constant, 

I.P. = ion product, 
n = nucleus size, 

and t = time. 

Thus, by determining N, the number of particles formed, and evaluating the variation 
of the ion product with time, one can determine n, a measure of the number of ions 
in the critical nucleus. Klein et ~1.~ studied the precipitation of silver chloride from 
homogeneous solution and determined that the critical nucleus consisted of five ions. 

The present investigation was undertaken to study the nucleation of lead chromate 
from homogeneous solution. The chromate ion was generated by the reaction5 of 
chromium(II1) with bromate in the presence of lead ion, the stoichiometry of the 
reaction being: 

lOC?+ + 6BrO,- + 22H,O -+ 10Cr0,2- + 3Br, + 44H+. 

* Present address: W. R. Grace and Co., Washington Research Center, Clarkesville, Maryland, 
U.S.A. 
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Reagents 
EXPERIMENTAL 

All stock solutions were prepared from reagent-grade chemicals. All solutions, except lead and 
chro~~(III) nitrates, were prepared by weighing the dry reagent and diluting to volume. The 
necessary dilutions were made with distilled water previously filtered through a Millipore HA filter. 
There was no further standardisation of these solutions. 

The stock solution of lead was standardised gravimetrically by precipitation of the sulphate. The 
chromium(II1) solution was standardised b 
followed by addition of a known amount 

oxidation to chromate with sodium peroxydisulphate, 
o 8 Iron(I1) sulphate and titration with standard potassium 

permanganate.& 

Spectrophotometric measurements were performed with a Beckman DU spectrophotometer 
fitted with a dual thermospacer set, which permitted circulation of water around the cell housing 
compartment to maintain constant temperature in the cells. Fused lo-mm silica &Is were used. 

Turbidimetric measurements were made using a Phoenix-Brice light scattering instrument equipped 
with a thermostatted jacket which encircled a cylindrical cell; a 430-rnp filter was used. 

Appropriate amounts of stock solutions of lead nitrate, potassium bromate, potassium nitrate 
and equimolar acetic acid-sodium acetate buffer were drawn through a Millipore filter into a 500-ml 
volumetric flask; potassium nitrate was used to vary the ionic strength of the medium. The resulting 
solution was diluted to approximately 400 ml with pre-filtered distilled water. A solution of chromi- 
um(W) ionswas then introduced into the reaction mixture through the Millipore filter and the contents 
were diluted to volume with water. The time was measured from the moment of addition of chro- 
RADII) ions to the other reagents. Portions of the solution were transferred to optical cells for 
spectrophotometric and turbidimetric measurements and to Erlenmeyer flasks for later use in sampling 
studies. All reaction vessels were maintained at 25” f 0.2”. 

Spectrophotometric determination of chromate. The photometer was used to determine the con- 
centrations of chromate ion in the solution up to the onset of precipitation. The wavelength used 
was 340 m,u, at which the molar extinction coefficient for chromate ion is 151 x lo* cma.mole-l. 
Because the precipitate particles acted as light scattering centres, thus introducing an uncertainty in 
the absorbance readings, it was necessary to extrapolate the absorb~~t~e curve in order to deter- 
mine the total chromaie ion produced. * * 

Titrimetric determination of lead. To determine the amount of lead ion precipitated and therefore 
the concentration of lead ion remaining in solution, it was necessw to pipette 50-ml portions of the 
reacting solution and transfer these into 50-ml Erlenmeyer flasks s&pen&d in the cor&mt tempera- 
ture bath. Then, approximately 40 min after the start of precipitation and every 20 min thereafter, 
one of the samples was filtered through a Millipore VC filter. The precipitate particles on the walls 
of the flask and on the iiher were dissolved in concentrated potassium hydroxide, the solution trans- 
ferred to a lOO-ml volumetric flask and analysed for chromate; the amount of lead ion precipitated 
was determined from this measurement. 

Turbidimetric &termination of onset ofprecipitation. TurbidimeWic measurements were made to 
determine the time at which precipitation began. The relative turbidity was plotted as a function of 
time and the inception of precipitation taken to be the time at which there was a sha?, increase in the 
slope of the turbidity-time curve. 

Size of nudeus 
RESULTS AND DISCUSSION 

The solution concentrations of lead and chromate ions were determined from the 
analytical results; a typical plot of the variation of the ion product ([Pbz+].[CrO,z-]) 
with time is shown in Fig. 1. The lead concentration in solution was considered to 
be that remaining uncomplexed by acetate. ’ According to equation (l), when the 
variation of the ion product with time and the quantity of nuclei, i.e., the particle 
count, is known, it is possible to determine the number of ions in the critical nucleus. 
(The particle count was determined microscopically.) 

For each experiment, the ion product was plotted as a function of time. If the ion 
product, raised to a power x (selected integral values), is plotted versus time the 
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area under the curve is thevalue j(I.P.)g dt. If this value is divided by the particle count 
N, a value of l/k is obtained. For each selected value of x, l/k for each run was 
plotted versus J(I.P.)x dt. Where d(l/k)/dJ(r.P.)’ dt versus x was zero, the term l/k 
was taken as constant and x to be equal to n, where 2n - 1 represents the number 
of ions in the critical nucleus. The limits for the integration of (I.P.)= versus time 
were chosen to include essentially all ion products at which nucleation was occurring. 
For these experiments the limiting ion product chosen was 1.70 x 10mg mole2.L2. 
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FIG. l.-Ion product of lead chromate as a function of time during the precipitation. 

Table I summarises the values used in the determination of the critical nucleus size. 
The results indicate n to be three; therefore, the number of ions in the critical nucleus 

is five. 

TABLE I.-DETERMINATION OF THE SIZE OF THE NUCLEUS OF LEAD CHROMATES 

Number 
of j(Z.P.)l dt j(Z.P.)= dt J(Z. P.)” dt j(Z.P.)4 dt j(Z.P.)6 dt 

[Pb*+], particles, N N N N N 
mo1e.k’ NJ-l 

x 104 x 10-1 x 10’6 x 10’3 X10= x 1040 x 1048 

7.46 1.92 228 1.03 3.38 0.95 2.48 
9.95 140 0.29 1.32 4.36 2.43 3.12 

14.9 8.78 3.12 0.13 0.38 0.11 0.30 
19.9 453 0.61 0.26 0.78 0.23 0.72 
29.9 1.44 294 1.74 6.26 2.07 9.03 

Slope of plot of 
j(Z. P)” dt 

us. j(Z.P.)” dt 1.06 x lo-’ 1.20 x 10-1 6.82 x lo-’ 0.94 x 10-1 0.82 x lo-’ 
N 

a Millipore HA filter used. 

The values presented in Table I are for experiments conducted with Millipore 
HA filters (pore size = 0.45 ,u). In order to determine whether the filtration process 
has any effect on the nucleus size, an analysis of the results from experiments using 
Millipore VC filters (pore size = 0.1 /L) was made. These results are shown in Table 
II. Again, n was found to be three, showing the number of ions in the critical nucleus 
to be independent of the filter pore size. 

4 
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This part of the study demonstrates the use of kinetic methods to determine the 
size of the critical nucleus of lead chromate, thus supporting the model for nucleation 
proposed by Christiansen and Nielsen. Although the critical nucleus of lead chromate 
consists of five ions, the significance of this number is its order of magnitude. 
Christiansen and Nielsen’s induction time experiments, used to determine the nucleus 

TABLE II-DETERMINATION OF THE SIZE OF THE NUCLEUS OF LEAD CHROMATE* 

of j(Z.P.)‘dt j(Z.P.)e dt j(Z.P.)3 dt J(Z.P.)4 dt j(Z.P.)6 dt ___ ___ 
[Pba+], particles 9 N N N N N 

mole.I.-‘^ NJ-’ 
x 104 X 10-7 X 1015 X 1028 X 1032 X 1040 X 1048 

9.95 2.59 8.65 4.09 7.80 540 1.69 
19.9 9.36 0.97 0.51 2.10 0.36 0.30 
249 3.99 2.83 1.67 7.99 3.36 1.56 
23.9 15.6 0.36 0.20 0.92 0.34 0.14 

Slope of plot of 
J(z.P.)~ dt 
p-us j(Z.P.)" dt 5.18 x 1OF 5.40 x 10-a 25.9 x lo-* 3.93 x 10-a 

N 
428 x lo-” 

a Millipore VC filter used. 

size, have been criticised because the use of direct mixing of reactants may possibly 
cause nucleation to occur during the mixing process rather than having it occur after 
the system becomes homogeneous. The present work eliminates the effect of direct 
mixing by using the technique of precipitation from homogeneous solution, with, 
however, the results still in agreement with the model for nucleation as proposed by 
Christiansen and Nielsen. 

firect of supersaturation 

This phase of the investigation involved a study of the effect of filtration, the rate 
of generation of the chromate ion and the variation of the ionic strength of the medium 
upon the supersaturation ratios which were reached before precipitation was first 
observed. The “critical”* supersaturation ratio, Scrit, is defined as [(I.P.)/K,,]*, where 
K,, is the equilibrium solubility product. The turbidimetric measurements were used 
to determine the time of inception of precipitation. The concentration of chromate 
ion used for the ion product was taken from the absorbance-time curve and the 
lead ion concentration was taken as the uncomplexed ion initially present. 

EJect of jiltration on Scrit. Two filters of different pore size were used in the 
preparation of the reacting solutions; these were Millipore HA filters with a nominal 
pore size of 0.45 ,U and Millipore VC filters with a nominal pore size of 0.1 ,u. The 
results of these experiments are shown in Table III, Scrit being calculated on the 
basis of concentration. The supersaturation ratios varied inversely with the pore 
size of the filter. With the HA filter, Scrit is 104 & 3; with the VC filter, it is 128 & 
8, i.e., a 25% change for the four-fold variation in filter pore size. 

If nucleation occurs by a heterogeneous process involving a foreign body, then the 
finer filter must remove some of the larger (or more active) nucleation sites so that the 

* A purely critical value does not exist <cJ Nielsenls). It appears to be critical only because the 
rate of formation of nuclei changes drastically with supersaturation. As a result, the experimental 
range, within which the rate of nuclei formation can be followed, is quite restricted. 
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system can become more supersaturated before nucleation occurs. Thus the first 
step in the nucleation mechanism, rather than being a reaction between the two ions 
comprising the precipitate, is a “reaction” between either one or other of their ions 
(or both) and a foreign site M, as follows: 

M + Pb2+ = MPb2+ 
or 

M + CrOd2- = MCrOa2- 

TABLE III.-EFFECT OF FILTRATION ON THE CRITICAL 

SUPERSATURATION RATIO OF LEAD CHROMATE 

[Pbs+] 
Filtration mole.l.-l 4 10” S 0rit 

Millipore HA 146 102 
Millipore HA 9.95 102 
Millipore HA 14.9 100 
Millipore HA 19.9 104 
Millipore HA 29.9 110 

Millipore VC 9.95 116 
Millipore VC 19.9 124 
Millipore VC 249 138 
Millipore VC 29.9 136 

E#ect of rate of generation of chromate ion. The rate was altered by varying 
the concentration of chromium(II1) and bromate ions in the reacting solutions. 
The results of these experiments are shown in Table IV; the times indicated are those 
at which precipitation was first detected turbidimetrically. It was noted, although 
the times varied considerably (45-157 min), that there was no change in Scrit. If the 
value of the supersaturation ratio were not critical, but merely dependent upon 
the time required for the system to reach a particular supersaturation,s one might 
expect that the value of the supersaturation ratio at which precipitation is first detected 
should change. This result was not observed for the nucleation of lead chromate. 
Thus, the supersaturation ratio is truly “critical” at least for the particular set of 
experimental conditions utilised here. 

TABLE IV.-EFFWX OF THE RATE OF GENERATION OF CHROMATE ION ON THE 

CRITICAL SUPERSATURATION RATIO OF LEAD CHROMATE 

W’l, 
mole. I.-l 

x 104 

ICr+% 
mole. I.-’ 

x 108 

tBr%-I, 
mole. I.-l 

x 10s S ertt 
Time, 
min 

9,95 3.71 400 118 157 
19.9 3.77 4.00 100 89 

9.95 4.71 5.00 102 128 
19.9 471 5.00 104 84 

995 5.65 6.00 104 15 
19.9 5.65 6.00 109 45 

Eflect of ionic strength of reacting solution. The ionic strength was varied by 
adding known quantities of potassium nitrate; the mean activity coefficient for 
lead chromate was calculated from the Debye-Hiickel equation. The results of these 
experiments are shown in Table V. The critical supersaturations show no apparent 
variation with change in ionic environment. This is a surprising result, for if the 
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mechanism for nucleation involves an ionic dependence, then a large concentration 
of foreign ions would decrease the electrostatic attraction between the ions which 
can form the precipitate. Possible explanations for the results obtained are either 
(1) that the range over which the ionic strength was varied was insufficient or (2) 
that these experiments were conducted above a limiting value of the ionic strength. 
If the latter were the case, any further increase in the ionic strength would be without 
effect upon nucleation. Further, the values used for the mean activity coefficient for 
lead chromate may be inaccurate; LaMer and Dinegarl” comment in a similar 
manner in their study of the precipitation of barium sulphate. 

TABLE V.-EFFECT OF IONIC STRENGTH ON THE CRITICAL SUPERSATURATION RATIO 
OF LEAD CHROMATE 

Method of 
filtration 

Millipore HA 

Millipore VC 

Ionic strength, Mean activity coefficient, 
,fJ x 102 f 

8.5 O-356 
8.5 0.356 
8.5 0.356 

;:5’ 0.356 0.356 
I:.: O-328 0337 

10.5 O-328 
11-0 O-321 
13.5 0.294 
13.7 0.292 
18.5 0.256 

8.5 O-356 
;:; 0.356 O-356 

8.5 0.356 

s c*iP 

100 
102 
102 

:!!I 
117 114 

120 
116 
136 
113 
118 

116 
132 124 

138 

s e*itb 

35.6 
36.3 
363 

37.0 392 
38.4 38.4 

39.3 
37-2 
40.0 
33.0 
32.3 

(ave.) 37 * 2 

41.3 
47-o 44-2 

49.1 
(ave.) 45 & 3 

* Calculated from concentrations. 
b Calculated from activities. 

~el~~i~~ between nucleus size and ~up~r~~t~r~tio~ 

It is informative to examine the relationship between supersaturation and nucleus 
size according to the Ostwald-Freundlich equation?l 

2aM 

‘== RTpInS 
where r = radius of the nucleus, 

cr = interfacial tension, 
M = molecular weight, 
p = density, 
S = supersaturation, 

and R and T have their usual meanings. 

When this equation is used to calculate the size of the nucleus of lead chromate, 
using values of 40 for the supersaturation and of 150 dynes/cm2 for the interfacial 
tension,ll the radius is found to be 40 A. This radius is considerably greater than 
that of the Christiansen-Nielsen model, for which the rather small nucleus size of 
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five ions is found. Furthermore, there is no interdependence of nucleus size and 
supersaturation as with the Ostwald-Freundlich equation. A homogeneous 4Q-A 
radius nucleus would contain hundreds of ions. It seems improbable that a nucleus of 
such size could be built up either by a kinetic process or by concentration fluctuations. 
One possibility is that the bulk of such a nucleus might consist of a heterogeneous 
site (solvent or foreign impurity) with the ions contributing little volume to its actual 
size. Thus, it has been suggested that the Ostwald-Freundlich nucleus consists of the 
ions and the foreign site while the Christiansen-Nielsen nucleus is the ion aggregate 
only.12 

Acknowledgment-The authors acknowledge the partial assistance of the IJnited States Atomic 
Energy Commission in supporting the investigation described herein under contract AT(I l-1)-582. 

Zusammenfassung-Auf Grund des Keimbildungsmodells von Christi- 
ansen-Nielsen wurde gefunden, da8 der Keim fur die Flllung von 
Bleichromat aus homogener Losung aus etwa 5 Ionen besteht. Die 
Werte fiir die kritische Uberslttigung von Bleichromatliisungen 
hingen von der Filtrationsmethode ab; eine Anderung der tibersat- 
tigung urn etwa 25% wirkte sich aber auf die Gr613e des kritischen 
Keimes nicht aus. 

Rbum&-Sur la base dur modele Christiansen-Nielsen pour l’amorcage 
on a trouve que le germe de chromate de plomb precipite d’une 
solution homogene est constitue par environ cinq ions. Les valeurs 
critiques de sursaturation des solutions de chromate de plomb de- 
pendent de la methode de filtration; toutefois, un changement d’en- 
viron25 %dans la stir-saturation est sans effet sur la dimension du germe 
critique. 
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Summw-An attempt to separate niobium and tantalum by precipi- 
tation from homogeneous solution by thermal decomposition of their 
peroxy complexes, in the presence of tannin and oxalate, has been only 
moderately successful. A more satisfactory separation of tantalum 
and niobium for ratios from 50: 1 to 1: 30 is obtained by extracting the 
bisulphate melt with ammonium oxalate before adding hydrogen 
peroxide, hydrochloric acid and tannin. For a tantalum/niobium 
ratio of 1: 1 the niobium coprecipitation is reduced to 5 %. Further- 
more, two alternative possibilities are presented: (1) a quantitative 
recovery of a tantalum precipitate at small oxalate and high tannin 
con~ntration~ leaving 90% of the tantalum-free niobium in solution; 
(2) an SS’k recovery of niobium-free tantalum at high oxalate and 
small tannin concentration. A study of the coprecipitation process of 
niobium shows that the distribution coefficients follow a logarithmic 
pattern, true homogeneous mixed crystals being formed. 

INTRODUCTION 

BECAUSE of the similarity of their chemical properties, the gravimetric separation of 

tantalum and niobium from each other has always presented a very difficult problem 
in analytical chemistry. Probably the most reliable, but tedious, procedure for the 
separation is a fractional tannin precipitation. This procedure, developed by Powell 
and Schoeller,l is based on the difference in the stability of the oxalato-complexes. 
Pr~ipitation from homogeneous solution was recently proposed by the present 
authors for the separation and determination of tungsten,2 titanium, tantalum and 
niobium,3 based on the thermal decomposition of soluble peroxy complexes from a 
hydrogen peroxide medium. An analogous procedure can readily be adapted for the 
separation and determination of niobium and tantalum. Radioactive tracer techniques 
were used to develop the proposed method. 

EXPERIMENTAL 
Radioisotopes 

Tantalum. lszTa, @,y-emitter, half-life * 111 days, produced by irradiation of Ta,Ol in the BR-1 
reactor. 

Niobium. @5Nb, @,y-emitter, half-life f 35.5 days, obtained from the Radiochemical Centre, 
Amersham, England. 

Courting techm~ue~. Integral y-counting was performed for ls2Ta and YVb using a standard 
scintillation counter with a well-type sodium iodide (thallium activated) crystal. In the presence ofeach 
other they were measured by differential y-counting, using a 3” x 3” sodium iodide (thallium activated) 
crystal connected to a 400-channel analyser. 

* This work is part of the research sponsored by “Wet Interuniversitair Institut voor Kernweten- 
schappen”. 
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Procedure 

Precipitation of tantalum. Fuse the mixture of the oxides with potassium bisulphate and remove 
the cold melt from the crucible by warming with 5 % ammonium oxalate. Rinse the contents of the 
crucible into a beaker and heat with water until a clear solution is obtained. Add 2 ml of 30% 
hydrogen peroxide, an adequate amount of 12M hydrochloric acid and an amount of tannin cor- 
responding to 20 times the weight of the acids. Dilute the solution with water to obtain a final 
concentration of earth acid oxides of 0.02x, an ammonium oxalate concentration of 1 ‘A and an 
acidity of 2.5M hydrochloric acid. Decompose the peroxides by heating at 85” for 7-8 hr, and collect 
the dense precipitate. Some results are summarised in Table III. 

Precipitation of niobium. Evaporate the filtrate from the tantalum precipitation to about 200 ml, 
and add 5-10 ml of nitric acid (sp. gr. 1.4) to clarify the dark-coloured solution. Oxidise the excess of 
oxalate with an adequate amount of sodium bromate, added dropwise. Neutralise with aqueous 
ammonia and precipitate the niobium with a ten-fold excess of tannin. Heat the solution to boiling 
over 5 min. 

Precipitation of Tantalum from Homogeneous Solution 

Tantalum is incompletely precipitated (95%) by the thermal decomposition of 
soluble peroxy-tantalate and niobate in a homogeneous ammonia-hydrogen peroxide 
solution at pH 10 or 11; niobium is coprecipitated (at least 40%). Thermal de- 
composition of peroxytantalate in an acetate, citrate or tartrate solution, in the presence 
of tannin, results in an incomplete and voluminous precipitation. In an acid oxalate- 
tannin solution, however, a dense and readily filterable precipitate was obtained. 
Preliminary experiments showed that optimum results were obtained in an acidic 
medium (5M nitric acid); recoveries of 99.8 % were achieved. 

Separation of tantalum and niobium 

In the present case, y-spectrometric measurements offer a relatively simple means 
of determining the amounts of coprecipitated niobium as a function of the amount of 
precipitated tantalum. The gamma rays at l-12, 1.15, l-19, 1.22 and l-23 MeV of 
le2Ta can be measured independently from the activity of OSNb. The OWb content can 
be computed from the activity under the O-776 MeV peak, after subtraction of the 
Compton continuum of le2Ta. For ls2Ta, the ratio of the activity under the peaks 
at about I-2 MeV to the activity in the energy range about O-776 MeV is, under 
standard conditions, a constant. 

It appears that for the precipitation of tantalum from the homogeneous peroxide 
solution, optimum results are obtained in the presence of 1200 mg of oxalic acid, 
together with tannin and selenous acid. The respective amounts of the latter should 
correspond to 7 and 05 times the weight of the pentoxides. Different amounts of 
tantalum were precipitated from 200 ml of solution. The results are given in Table I. 

TABLE I.-PRECIPITATION OF THE EARTH ACIDS AS A FUNCTION OF THEIR 
CONCENTRATION 

Taken, mg 

TM% Nb,O, 

Heating period, 
hr 

Ta left in 
solution, Nb coprecipitated, 

% -% 

20.0 20.0 24 0.6 10.5 
50.1 50.0 10 0.9 19 
75.2 75.1 5 1.3 34 

From Table I it appears that from the most dilute solution 99.4 % of the tantalum 
was recovered, the niobium coprecipitation being reduced to 10.5 %. 
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A decrease of the coprecipitation was observed by extracting the bisulphate melt 
of 20 mg of tantalum pentoxide and 20 mg of niobium pentoxide with ammonium 
oxalate before adding the hydrogen peroxide. The precipitations were also carried 
out in the presence of different amounts of nitric, hydrochloric and selenous acids, 
ammonium oxalate and tannin, the volume of the solution being 200 ml. 

Typical results are given in Table II. 

TABLE II.-SEPARATION OF THE EARTH ACIDS IN THE PRESENCE OF 

AMMONIUM OXALATE 

Ratio to the oxides 
(w/w) Heating Ta left in 

wHYx* 
- period, solution, Nb coprecipitated, 

0 Acid H$eO, Tannin hr % % 

1 45M HNO, 1 10 20 1.5 7.2 
1 3M HNos 1 10 10 4.9 6.4 
1 1.5M HCl 1 10 10 26.5 1.1 
1 2.5M HCl 1 10 20 3.3 2.7 
1 3.5M HCl 1 25 12 5.1 
1 2.5M HCl 0 25 7 0.3 ;:I 

0.75 2.5M HCl 0 25 7 1.7 7.0 
0.50 2.5M HCl 0 25 12 0.5 12.5 
050 2.5M HCl 2 25 14 0.1 11.5 
1.25 2M HCl 0 7 7 15.0 <0.5 

From Table II it appears that, from a 0.5% ammonium oxalate solution and in 
the presence of a large amount of selenous acid, tantalum can be precipitated homoge- 
neously with recoveries of 99.9%. From the y-ray spectrum of the solution before 
and after precipitation, it is clear that the lB2Ta activity in the filtrate is undetectable. 
The last result given in Table II shows that it is possible to precipitate 85% of 
practically niobium-free tantalum. In the y-ray spectrum of the precipitate, the 
niobium-peak at O-776 MeV can barely be seen, although in the original solution it 
was as important as in the standard. These precipitations are interesting for prepara- 
tive purposes. For a rapid analysis, however, optimum results were obtained by 
following the procedure, as shown in Table III. 

TABLE III.--PRECIP~ATION OF TANTALUM PROM HYDR~QEN 
PEROXIDE OXALA= SOLUTION 

Ta,O, taken, 

mg 

Ta left in solution, 
% 

140.1 0.60 
109.8 0.49 

79.9 0.71 
57.3 064 
42.1 0.65 
33.4 0.81 
20.7 0.87 
16.6 1.59 
10.0 1.90 

8.0 218 

From Table III it appears that precipitation of tantalum from a homogeneous 
hydrogen peroxide-oxalate solution gives satisfactory tantalum recoveries. 
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Coprecipitation of niobium 

The coprecipitation of niobium was investigated for niobium/tantalum ratios 
varying from 2 x 10e2 to 30. The absolute amount of tantalum precipitated varied 
from 100 mg for small ratios to 5 mg for larger ratios. The results are given in Fig. 1. 

From Fig. 1 it appears that for a NbzO,/Ta,O, ratio equal to one the error on the 

Error 

I onTa,% \ 

FIG. l.-Coprecipitation of niobium with tantalum. 

tantalum determination is 55 %. If the precipitation is repeated, the error is reduced 
to 1%. A correction can be made after a single precipitation if this ratio is higher 
than unity. 

Precipitation of niobium from the$ltrate after precipitation of tantalum 

The amount of niobium left in solution was computed by adding, before the 
fusion, an adequate amount of gSNb of known activity (ca. 1 x 106 cpm) and counting 
an aliquot of the filtrate. The results are summarised in Table IV. It appears that 
this precipitation gives highly satisfactory niobium recoveries. The small amounts 
of tantalum and titanium present are coprecipitated quantitatively. 

Determination of Distribution Coeflcient 

A coprecipitant can be distributed between solid and liquid phase according to 
an homogeneous,4 logarithmic5 or proportional distribution law.6 As was shown in 
previous papers,2sS the coprecipitation process of molybdenum and vanadium with 
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tungstic acid and of tungsten with the earth acids follows a linear pattern. In the present 
case, measurements of the radioactive isotopes offer a relatively simple means of 
determining the amount of coprecipitant as a function of the amount of precipitated 
carrier. To effect this, a small quantity of solution was removed at regular time 
intervals. The amount of each element present was then computed by y-ray spectro- 
metric analysis. 

TABLE IV.-PRECIPITATION OF NIOBIUM IN THE FILTRATE 

Taken, mg 
- 

Ta,O, Nb& 
Nb left in solution, % 

19.7 100.4 0.05 
20.6 80.0 0.10 
20.5 60.3 0.09 
20.2 40.1 0.13 
20.7 20.8 0.13 
20.5 10.6 0.07 
40.5 10.4 0.12 
60.1 10.1 o-14 
80.2 10.2 0.07 

Procedure 

Extract with 50 ml of 5 % ammonium oxalate after bisulphate fusion of 43.8 mg of tantalum, and 
5.6 mg of niobium, labelled with lasTa and g6Nb, and transfer to a 400~ml conical flask fitted with a 
reflux condenser. Add 2 ml of 30% hydrogen peroxide, 50 ml of 12M hydrochloric acid and 1.5 g of 
tannin. Make the volume up to 300 ml. The activities of the tracer solutions are chosen to correspond 
respectively to cu. 3 x 10” and 5 x lo6 cpm of IseTa and g6Nb. Heat the solution for 7 hr at 85” and 
remove 5-ml portions by reverse filtration through an asbestos filter. Count 4-ml portions of these 
filtrates in standard vials with a multichannel analyser. The values of D, il and K, corresponding to the 
different distribution constants, are presented in Table V. 

From Table V it appears that the logarithmic distribution law is followed, the 
mean value being il = 0.030, f 0401,. 

TABLE V.-COPRECIPITATION OF NIOBIUM WITH TANTALUM 

Distribution coefficients 
Ta pptd., Nb copptd., -- 

% % D 1 K 

42.5, 1.7, 0.0238 
72.6, 4.38 O-017, 
83.78 6.3, 0.013, 
96.38 9.9, 00LYt41, 
97.56 10.49 0.0029, 
98.82, 11.3, o+uX 5, 
99.17, 11.6, O+lOll, 
99.25, 12.23 0~0010, 

0.031, 
0.034, 
0.036, 
0.0310 
0.029* 
0.027, 
0.025, 
0.026, 

x = 0.030, f OGOl, 

omo, 
0*060, 
0.075, 
O*lO* 
0.10, 
0.11, 
O.lls 
0.12, 

Furthermore, the experiments showed that the coprecipitation of niobium on 
tantalum also follows a logarithmic distribution if the bisulphate melt of the earth 
acids is extracted with hydrogen peroxide, the mean value of the distribution coeffi- 
cient being 1 = O-067 & 0405. 

In this case, 61.5 mg of tantalum were precipitated in the presence of 5.25 mg of niobium. The 
concentration of oxalic acid was 1.5 %; the solution contained 50 ml of 14M nitric acid and the 
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precipitation was carried out with 0.75 g of tannin for a volume of cu. 200 ml. 
sented in Table VI. 

The results are pre- 

TABLE VI.-COPRECIPITATION OF NIOBIUM wrrn TANTALUM (MELT EXTRACTED 
WITH HYDROGEN PEROXIDE) 

Distribution coefficients 
Ta pptd., Nb copptd., 

% % D 3, K 

34.1 2.1, 0.041, 0.052, 0.062 
65.1 6.5,, 0.037, 0.063, 0.100 
84.5 13.80 0.0294 0.079, 0.16s 
876 148, 0.0246 0.077, 0.16, 
95.94 18.2d 0.0094 0.062, 0.19, 

1 = 0.067, f 0*005, 

Acknowledgments-Thanks are due to Miss M. Helsen for technical assistance. 

Zusammenfassung-Einem Versuch zur Niob-Tantal-Trenmmg durch 
homogene Fallung in Gegenwart von Tannin und Oxalat durch ther- 
mische Zersetzung der Peroxykomplexe war nur ma;Oiger Erfolg 
beschieden. Eine bessere Tantal-Niob-Trennung in Verhaltnissen von 
50 : 1 bis 1 : 30 wurde jedoch erzielt durch Extraktion des Bisulfat- 
aufschlusses mit (NH&Ox vor der Zugabe von H,O,, HCI und 
Tannin. Beim Niob-Tantal-Verhlltnis 1 : 1 wird die Mitfslllung von 
Niob auf 5% gedrtickt. Dariiber hinaus werden zwei Altemativen 
vorgeschlagen : - 1) quantitative Tantalausbeute im Niederschlag bei 
kleiner Oxalat- und groaer Tanninkonzentration, wobei 90% des 
Tantal-freien Niob in Liisung bleiben; 2) 85%-ige Ausbeute von 
Niob-freiem Tantal bei hoher Oxalat- und niedriger Tanninkonzen- 
tration. Die VerteilunzskoetBzienten der Mitfallune von Niob ver- 
laufen logarithmisch; “es werden homogene wah& Mischkristalle 
gebildet. 

R&nn&-Un essai de separation du niobium et du tantale par precipi- 
tation en milieu homogene en pr6sence de tanin et d’oxalate, en 
effectuant la decomposition thermique des peroxy complexes, n’a et6 
que moyemrement satisfaisant. On a toutefois obtenu une separation 
plus satisfaisante du tantale et du niobium, pour des rapports allant 
de 50 : 1 21 1 : 30, en extrayant la masse de fusion au bisulfate avec 
(NH&Ox avant addition de HaOa, HCl et tanin. Pour un rapport 
tantale/niobium 1 : 1, la coprecipitation du niobium est reduite ii 5 %. 
En outre, on pt&ente deux possibilitb: 1) une recuperation quanti- 
tative d’un precipite de tantale a faible concentration en oxalate et 
forte concentration en tannin, laissant 90% du niobium exempt de 
tantale en solution; 2) une recuperation de 85 % en tamale exempt de 
niobium, a forte concentration en oxalate et faible concentration en 
tanin. L’etude du processus de coprecipitation du niobium montre 
que les coefficients de distribution suivent un diagramme logarithmique; 
il se forme un vrai cristal mixte homogene. 
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Summary_-An analysis of complex tantalocolumbites has been carried 
out by precipitation from homogeneous solutions. A homogeneous 
precipitation of tungsten, titanium, tantalum and niobium by thermal 
decomposition of the soluble peroxytungstates, described in previous 
papers, is used. Corrections for incomplete precipitation and co- 
precipitation phenomena are applied on the basis of the experimentally 
found values. Silicon and tin are separated by volatilisation as fluoride 
and iodide, respectively. Iron is extracted by means of isopropyl ether 
and the rare earth metals are precipitated homogeneously from an oxal- 
ate solution. Manganese is precipitated as the ammonium phosphate. 
The results are in good agreement with an independent method, the 
standard deviations being within 1 ‘A for the major constituents. 

INTRODUCTION 

As shown in previous papers, 1--3 tungsten, titanium, tantalum and niobium can be 
separated and determined by precipitation from a homogeneous hydrogen peroxide 
solution. In the present work the method is tested on a number of synthetic and 
natural minerals, containing tantalum and niobium. 

Qualitative analysis 

Before carrying out the quantitative determination of three natural minerals, a 
spectrochemical qualitative analysis by means of a d.c. arc was effected. A quartz- 
prism spectrographwas used in thewavelength range of 2600-3950 Aand2750-4200 A. 
The results are given in Table I. 

Mineral 

TABLE I.-Spectrochemical analysis of the minerals 

I II III 

Major Nb, Ta, Fe, Mn 
constituents 

Minor Ti, Si, Sn, W 
constituents 

Traces Cr, Zr, Al, MO, Mg 

Discussion of method 

Nb, Ta, Fe, Mn, Ti 

W, Si, Sn, Mn 

Cr, Zr, Al, MO, Pb 

Nb, Ta, Fe, Mn, Ti, Cr, 
rare earths 

W, Sn, Si, Mg, MO, Th 

As, Zr, Al, Pb 

Because tin(IV) oxide and silica are only slightly attacked by a bisulphate fusion, 
and because the melt is only extracted with hydrogen peroxide-nitric acid, tin(N) 
oxide and silica are found almost quantitatively in the residue. They are volatilised 
as the tetra-iodide and tetrafluoride, respectively; the content of silicon and tin is 
then computed by difference. 

Tantalum, niobium and tungsten are separated by precipitation from a homoge- 
neous hydrogen peroxide-nitric acid solution. They are separated and determined by 
homogeneous precipitation from a slightly alkaline hydrogen peroxide and from an 
oxalate-tannin-hydrogen peroxide medium. From the filtrate of the earth acids 

* This work is part of the research sponsored by “Het Interuniversitair Instituut voor 
Kernwetenschappen”. 
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precipitation, iron is extracted with isopropyl ether, without manganese and titanium 
interference.4 From a homogeneous hydrogen peroxide-nitric acid solution (pH 2.5) 
titanium precipitates practically quantitatively. 2 Manganese is obtained as manganese 
ammonium phosphate,s contaminated with small amounts of magnesium. The rare 
earths present in Mineral III are separated and determined as oxalates by a homo- 
geneous precipitation with dimethyl oxalate. 6 In the presence of chromium (Mineral 
III), the precipitate of titanium is contaminated and was determined calorimetrically 
as peroxide in this precipitate. 

An outline of the general scheme of the analysis is given in Fig. 1. 

FIG. 1 .-General scheme of analysis 

1 to 3-g sample 

KHSO,-fusidn HNO,-H,O, 
I 
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KHSO,-fusion urea remove HCl; +I 

NH,OH-H,O, thermal decomposition thermal decomposition (CHAOx 

I : I 
I 

ITI thermal decompl 

1; 

, Cd 
NOs 

lition 
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KHSO,-fusion HNO,-H,O, 

I thermal decomposition 
(NH4)20x-H,02-HC1-tannin I 

HNO,-H,O, 
I 

thermal decomposition 

HNO,---NaBrO, 
I 

NH&OH-tannin 

1 
Mn, Wg) 

NH40H-Na2NH4POI 
KHSO,-fusion 



Analysis of tantalocohunbites 1607 

Procedure. Fuse l-3 g of finely powdered mineral with 5-15 g of bisulphate and dissolve the melt in 
hot 3 % hydrogen peroxide. After neutralising with aqueous ammonia, acidify the solution to obtain 
5M nitric acid. Filter the solution into an 800-ml beaker and transfer the precipitate to a platinum 
crucible. Add 4 ml of concentrated hydrofluoric acid and 1 ml of sulphuric acid and volatilise the 
silicon as silicon tetraffuoride. Take the residue twice to dryness with 2-3 ml of 14&f nitric acid. 
Ignite the residue to constant weight at 950” to convert the sulphates and nitrates into the oxides. 
The silica content is found by difference. Add a ten-fold excess of ammonium iodide and 1 ml of 
hydriodic acid and stannictetriodide and heat at 475”. Repeat the process to ensure complete 
removal of tin. The loss in weight represents the amount of tin(IV) oxide. Fuse the residue with 
bisulphate and dissolve the melt & a feb ml of 3 % hydrogenperoxide and transfer the solution to the 
original filtrate. Heat at cu. 85” for 7 hr, in the presence of 0.1 g of selenous acid. Filter the hot 
solution and wash the precipitate with hot 1% nitric acid until free from sulphate. Incinerate and 
ignite the precipitate at 950” for 1 hr to constant weight. Fuse the mixed oxide &due with bisulphate 
in a silica crucible and leach the melt with 3 % hydrogen peroxide and with dilute aqueous ammonia. 
Carefully adjust the pH of the solution to 7.5-8. After adding 0.1 g of selenous acid, heat the solution 
at 85” for 8 hr; tantalum and niobium are precipitated from this homogeneous solution. Collect 
the precipitate on a filter paper and wash with hot 2% alkaline ammonium nitrate until free from 
sulphate. Ignite the precipitate at 950” to constant weight as (Ta, Nb)*06. For the determination of 
small amounts of titanium and tungsten repeat the precipitation steps from nitric acid and from 
slightly alkaline solution to reduce the coprecipitation of the latter. Evaporate the filtrate from the 
precipitation from alkaline medium, containing the bulk of the tungsten to cu. 15Oml and add 
2 ml of 3 % hydrogen peroxide and 75 ml of 14M nitric acid. Heat the solution at 60” for 2 hr. As 
soon as the precipitate has settled, filter from the hot solution, wash with hot 1 ‘A nitric acid, incinerate 
and ignite to constant weight at 900”. Weigh as WO,. Fuse another two fractions, of cu. 125 mg, 
of the mixed oxides with bisulphate and transfer the crucible to an 800-ml beaker. Dissolve the melt 
in 120 ml of hot 5 % ammonium oxalate solution. Add 120 ml of 12M hydrochloric acid, 2 ml of 
hydrogen peroxide (30%) and 2.5 g of tannin, dilute the solution to 600 ml. Heat for 7 hr at 85”. 
Filter the precipitate from the hot solution, wash with hot 2% ammonium chloride and ignite at 
950” for 1 hr to constant weight. Weigh as Taa06. Evaporate the filtrate to ca. 200 ml. Remove the 
oxalate by adding a few ml of 14M nitric acid and a suitable amount of sodium bromate (3 g). 
Neutral& the solution with aqueous ammonia and add a ten-fold excess of tannin to the boiling 
solution. Boil for a few minutes until the precipitate settles. Filter and wash with hot 2 % ammonium 
nitrate. Ignite the residue at 950” for 1 hr to constant weight as Nb$O,. 

The filtrate from the earth acids precipitations contains titanium, iron, manganese and, in the 
case of Mineral III, chromium, rare earths and magnesium. Take almost to dryness and treat the 
residue with 50 ml of 12M hydrochloric acid. Repeat the operation to ensure complete removal of 
the nitric acid. Dissolve the residue in 300-800 ml of 8M hydrochloric acid and extract the iron 
repeatedly with isopropyl ether. Test for complete iron removal with thiocyanate. Shake the ether- 
phase three times with water to back-extract the iron. 
and reacidify with dilute hydrochloric acid. 

Neutralise the solution with aqueous ammonia 
Add 10 g of urea and boil the solution until neutrality is 

obtained; allow the precipitate to settle. To ensure complete precipitation of the iron, add a few 
ml of aqueous ammonia. Filter, wash and ignite the precipitate to constant weight as Fe,O,. For 
the determination of titanium, manganese and the rare earths, hydrochloric acid must be removed 
by the addition of 14M nitric acid and evaporation. Repeat the process twice. If rare earths are 
present, neutralise the solution with aqueous ammonia to pH 0.2, add 2 ml of 30% hydrogen peroxide 
and 30 ml of dimethyloxalate reagent solution (40 g of dehydrated oxalic acid dissolved in 100 ml 
methanol) to the solution and boil gently for 1 hr. Add an excess of 4 g of oxalic acid and boil for 
0.5 hr. Filter the precipitate, wash with hot 2% oxalic acid and ignite at 950” to constant weight. 
Cover the crucible during cooling, and weigh quickly without removing the cover because the oxides 
absorb moisture and carbon dioxide from the air. Oxidise the excess of oxalate in the filtrate with 
sodium bromate in a nitric acid medium. Add 1 ml of hydrogen peroxide (30x), neutralise the 
solution to pH 2.5 and subject the peroxytitanates to thermal decomposition at 85” for 6 hr. Collect 
the precipitate and wash with hot 2% ammonium nitrate. Ignite the precipitate to TiO, at 950”. 
In presence of much chromium fuse the precipitate and extract with sulphuric acid. Add a few ml 
of hydrogen peroxide (30%) and determine the titanium by spectrophotometry at 410 rnp. To the 
filtrate from the titanium precipitation add aqueous ammonia and disodium ammonium phosphate. 
Collect the precipitate on a Gooch crucible and redissolve with sulohuric acid. Renrecinitate 
manganese &d &agnesium, if present, as ammonium phosphates. collect the preci$tatd and 
ienite to constant weieht at 650” as (Mn. Me),P,O,. The tantalum. niobium. tunesten and titanium 
Gecipitates are filter& on SS 589= &d the i&i precipitate on SS 589l filter iape& 

The results for tantalum, niobium, tungsten, titanium and manganese were corrected for incom- 
plete recovery and for coprecipitation, corrections being applied according to the experimentally 
found values.l-a 
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The double precipitation used for the analysis of the 3-g samples reduces the coprecipitation of 
titanium and tungsten to a considerable extent. When calculating the weighed mean values and the 
standard deviations for the titanium and tungsten, a three-fold weight was given to these results. 

Before carrying out the analyses of the 3 minerals, the tantalum, niobium, tungsten, titanium, sili- 
con and tin contents of a synthetic mixture were determined following the same procedure. The 
results are given in Tables II, III, IV and V. 

From Tables III-V it appears that the results are mostly in good agreement with 
the results of an analysis performed elsewhere by an independent procedure. The 
deviation of the results of the major elements (tantalum, niobium, iron and manganese) 
are within 1%. The larger deviation in the case of tungsten and titanium is obviously 
caused by the fact that the contents are only small in the presence of large amounts 
of earth acids. Chromium interferes with the gravimetric determination of titanium. 

Acknowledgments-Thanks are due to the “Soci&& G&&ale Mdtallurgique de Hoboken” for 
providing the samples of tantalocolombites. The technical assistance of Miss M. Helsen is gratefully 
acknowledged. 

Zusammenfassung-Eine Analyse komplizierter Tantalocolumbite 
wurde mittels Filungen aus himogener issung ausgeftihrt. Homo- 
eene FPllune von Wolfram. Titan. Tantal und Niob durch thermische 
gersetzung oder l&lichen Peroxywolframate wird verwendet, wie in 
den vorhergehenden Arbeiten beschrieben. Korrekturen fiir unvoll- 
st&ndige F&llung und MitfSillung werden auf Grund der experimentell 
gefundenen Werte angebracht. Silicium und Zinn werden durch 
Abdestillieren als Fluorid bzw. Jodid abgetrennt. Eisen wird mit 
Isopropyllther extrahiert, die seltenen Erden homogen aus Oxalat- 
1Bsung gef;illt und Mangan als Ammoniumphosphat niedergeschlagen. 
Die Ergebnisse stimmen gut mit einer unabhgngigen Methode iiberein, 
die Standardabweichungen fiir die Hauptbestandteile liegen unter 1%. 

R&urn&On a effectue une analyse de tantalocolumbites complexes 
par prCcipitation & partir de solutions homog&nes. On emploie une 
precipitation homoghne des tungstkne, titane, tantale et niobium par 
d&composition thermique des peroxytungstates solubles, qui a CtC 
d&rite dans des m6moires antbrieurs. Sur la base des valeurs trouvees 
expdrimentalement, on applique des corrections pour la prkcipitation 
incompl&e et pour les ph&om&nes de copr&ipitation. Le silicium et 
l’Ctain sont &pares par volatilisation 51 l’6tat de fluorure et d’iodure. 
Le fer est extrait au moyen d’&her isopropylique et les m&aux des 
terres rares sont pr&ipitBs en milieu homogBne & partir d’une solution 
oxalique. On pr6cipite le mangan&se avec le phosphate d’ammonium. 
Les r&ultats sont en bon accord avec une m&hode inddpendante, les 
&carts types &ant & 1% p&s pour les principaux constituants. 
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CONTRIBUTIONS TO THE BASIC PROBLEMS OF 
COMPLEXOMETRY-XVII” 

DETERMINATION OF ZINC AND CADMIUM IN THE 
PRESENCE OF EACH OTHER 

RUDOLF PRIBIL and VLADIMIR VESEL~ 
Analytical Laboratory, Polarographic Institute of J. Heyrovskg 

Czechoslovak Academy of Sciences, Prague 1, Jilska 16 
Czechoslavokia 

(Received 21 May 1964. Accepted 1.5 September 1964) 

Summary-A new method for separating cadmium from zinc by 
precipitation as Cd(phen)& is reported. Even very small amounts 
of zinc can be determined complexometrically in highly ammoniacal 
media by back-titration of an added excess of DCTA with calcium(D) 
using Methylthymol Blue as indicator. 

CADMIUM and zinc form complexes with EDTA of almost identical stability (log 
K cdY = 16.46, log KznY = 16.50), so it is necessary to separate them for their 
complexometric determination in mixtures. Some years ago Piibill proposed diethyl- 
dithiocarbamate for precipitation of cadmium after the complexometric determination 
of the sum of zinc and cadmium in slightly ammoniacal solutions. Kinnunen and 
Wennestrand2 removed small amounts of cadmium by precipitation with thiourea. 
The adsorbed zinc was then removed by extracting its thiocyanate complex into an 
ether-amyl alcohol mixture. Recently, Fabregas, Prieto and Garcia3 masked cadmium 
with a lead-EDTA complex. The displaced equivalent amount of lead was then 
precipitated as sulphate and removed from the solution by filtration. In the filtrate 
zinc was determined by EDTA titration with Eriochrome Black T as indicator. The 
results are satisfactory up to the weight ratio Zn: Cd = 1: 17. Only one method for the 
determination of cadmium in the presence of zinc without previous separation is 
known; Flaschka and Ganchoff4 titrated cadmium with ethyleneglycol-bis-(&amino- 
ethylether)-NJV-tetra-acetic acid (EGTA) solution, using copper sulphate as indicator. 
The end-point was detected spectrophotometrically by the appearance of the first 
traces of a blue copper-EGTA complex. With this method cadmium can be deter- 
mined up to a 1: 500 ratio of Cd : Zn. 

None of the mentioned methods is, however, suitable for the determination of zinc 
in the presence of high concentrations of cadmium. Because one can hardly expect 
to find a specific masking agent for cadmium, we have searched for a new method for 
its separation from zinc. From preliminary experiments it was ascertained that 
cadmium precipitates quantitatively in a well filtrable form as Cd(phen),I,. We have 
now found simple conditions where no adsorption of zinc occurs. The precipitation 
of cadmium as a phenanthroline-iodide complex is much more selective than the 
analogous precipitation as a phenanthroline-thiocyanate complex which has been 
used for the gravimetric determination not only of cadmium but also of copper, 
manganese, nickel and cobalt.5 

* Part XVI: Tulanta, 1964, 11, 1545. 

1613 



1614 RUDOLF %BIL and VLADIMfR VESEL+ 

The last three elements do not precipitate at all in the presence of iodide with phe- 
nanthroline. Amounts of cadmium even smaller then 5 mg can be separated by the 
proposed method. 

Reagents: 
EXPERIMENTAL 

0.1 M o-Phenanthroline solution: Add 1.8 g of solid o-phenanthroline to 50 ml of water, dissolve 
by dropwise addition of 1M hydrochloric acid, then dilute to 100 ml. 

0*05M DCTA solution: Dissolve 17.72 g of 1,2-diaminocyclohexanetetra-acetic acid (J. R. Geigy, 
Basel, Switzerland) in hot water by adding 130 ml of 1M sodium hydroxide. Dilute to 1 litre. The 
pH of the solution should be cu. 5. 
Xylenol Orange as the indicator. 

Standard& by a complexometric titration with lead nitrate using 

Other reagents: 0.05M cadmium nitrate, 0.05M zinc nitrate (prepared by dissolving metallic 
zinc in nitric acid), 0*05&f calcium chloride (prepared by dissolving calcium carbonate in hydrochloric 
acid), solid potassium iodide, solid urotropine, Methylthymol Blue (1: 100 with solid potassium 
nitrate). 

Precipitation of cadmium as Cd(phen),Z, 
To precipitate cadmium in a well defined crystalline form without adsorption of zinc great care has 

to be taken. The original pH of the solution must be 25-3.5, otherwise a voluminous precipitate 
adsorbing zinc is formed; also, the washing out of the precipitate on the filter is very important. 
The following procedure is considered to be most advantageous. Adjust the pH of the solution con- 
taining cadmium and zinc to 2.5-3.5, add 0.5-1.0 g of potassium iodide and heat to boiling. Add, drop- 
wise, O.lM o-phenanthroline solution until no further precipitate is formed. Cease boiling the solution 
and adjust the pH to 45-5 with solid urotropine. Intense stirring with a glass rod speeds up the 
formation of a crystalline precipitate, which settles easily. With small amounts of cadmium (< 5 mg) 
let the solution stand for 1 hr in a water-bath. Filter the precipitate through a paper filter (Black or 
White ribbon) and wash out the 

Y 
recipitate on the filter 8-10 times with a warm (50-60”) wash solu- 

tion.* All of the zinc is in the fi trate. 

Determination of zinc 
In slightly acidic media zinc is completely complexed by o-phenanthroline,B but in strongly 

ammoniacal media the Zn(phen),*+ complex is broken down. An ammonia-ammonium chloride 
buffer of pH 9-10, suitable for titrations with E&chrome Black T, is not sufficiently concentrated 
and aqueous ammonia is required. Under these conditions the titration with EDTA does not have a 
sufficiently sharp change of pZn*+ at the equivalence point and it is better to use an indirect determina- 
tion with DCTA solution. 

Procedure. To the filtrate from the separation of cadmium add an excess of 0.05M DCTA (at 
least 30%) and 20-30 ml of concentrated aqueous ammonia. Add Methylthymol Blue and back- 
titrate with a solution of 0.05M calcium chloride to an intense blue coloration. The end-point is 
very sharp and reversible. A greater excess of aqueous ammonia than that given has no influence on 
the titration. 

A number of determinations of zinc in the presence of small and high concentrations of cadmium 
have been made following the procedure. The results are shown in Table I. 

TABLE L-DETERMINATION OF ZINC AND CADMIUM 

Taken, mg Found, mg Difference, mg Ratio of 

Cd Zn Cd Zn Cd Zn Cd:Zn, mg 

56.50 10.24 56.50 10.25 
5.65 34.00 5.90 33.90 
282 6800 3.37 67.80 
1.12 68.00 1.57 67.92 

84.70 1.70 85.00 1.54 
141.20 1.70 14190 1.64 

5.65 74.99 6.51 14.70 
28.25 17.00 28.70 16.83 

5.65 3.40 6.40 3.08 
5.65 340.008 - 338.00 

& l/lOth Aliquot for determination of Zn. 
rl 10 ml O.lM o-phenanthroline in 500 ml of water. 

0 $@Ol 
-to.25 -0.10 
+0.55 -0.20 
+0.45 -0.08 
1-0.30 -0.16 
to.70 --006 
+0.86 -0.29 
+0.45 -0.17 
+0.75 -0.32 

- 2.00 

5.5:1 
1:55 
1:20 
1:43 

55:l 
85:l 

1:12 
1.5:1 

2:l 
1:60 
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DISCUSSION 

The separation of cadmium as Cd(phen),I, is rather selective. Manganese, nickel 
and cobalt are not precipitated, but copper and lead must be absent. This offers a 
further possibility of determining cadmium gravimetrically as Cd(phen),I,. In this 
case, iron(III), lead, etc., could be screened with EDTA. This enables some simplified 
analyses of alloys containing cadmium, zinc and other elements to be made. These 
practical applications will be discussed elsewhere. 

Zusammenfassung-Eine neue Methode zur Trennung von Cadmium 
und Zink durch Flllung von Cadmium als Cd-Phenanthrolin-Jodid 
Cd(phen)nJp wird angegeben. Auch sehr kleine Zinkmengen werden 
in stark ammoniakalischem Medium komplexometrisch durch Rtick- 
titration von DCTA mit Calciumsalz bestimmt. Methylthymolblau 
wird als Indikator verwendet. 

R&m&--On d&it une nouvelle methode pour &parer le cadmium 
du zinc, par precipitation a Petat d’iodure de cadmium-phenanthroline, 
Cd(Phen& M&me de tres petites quantites de zinc sont do&s par 
complexometrie en milieu fortement ammoniacal, par titrage en 
retour du DCTA au moyen d’un se1 de calcium. On prend pour 
indicateur le bleu de methylthymol. 

REFERENCES 

1 R. Piibil, Chem. Listy, 1953, 47, 1173; COIL Czech Chem. Comm., 1953, 18, 783. 
B J. Kirmunen and B. Wennestrand, Chemist-Analyst, 1954, 43, 34. 
s R. Fabregas, A. Prieto and C. Garcia, ibid., 1962,51, 77. 
* H. Flaschka and J. Ganchoff, Talanta, 1962, 9, 76. 
6 T. I. Pirtea, Reo. Chim. (Bucharest), 1961,12,91,223; Z. analyt. Chem., 1961, 184,252. 
lr R. Piibil and F. Vydra, COIL Czech. Chem. Comm., 1959,24,3103. 



Talanta, 1964, Vol. 11, pp. 1617 to 1621. Pergamon Press Ltd. Printed in Northern Ireland 

THE DETERMINATION OF ACETONE IN BUTANONE-2 
BY PHASE SEPARATION 

D. W. ROGERS* 

Chemistry Department, Long Island University 
Brooklyn 1, New York, U.S.A. 

(Received 1 June 1964. Accepted 2 July 1964) 

Summary-Binary solutions of acetone in butanone-2 have been 
analysed by adding a constant amount of water and determining the 
temperature at which phase separation takes place. Because butanone-2 
and water have a lower critical solution temperature, solutions are 
clear at lower temperatures and opalescent at higher temperatures. 
The weight percent of acetone in the original binary solution of 
ketones is a function of the phase-separation temperature, enabling 
the analyst to construct a calibration curve and determine unknown 
solutions directly. The error is about 0.1 absolute %. 

MANY binary solutions exhibit a miscibility gap and, at certain concentrations, 
separate into two phases. Each phase is, itself, a binary solution. As the temperature 
of the system is increased, the composition of each phase usually approaches that 
of the other. Normally, at some temperature, the compositions of the phases become 
the same and the components become miscible in all proportions. This temperature 
is called the upper critical solution temperature. Less commonly, the liquid com- 
ponents become more soluble in each other as the temperature decreases and are 
completely miscible in all proportions below a temperature minimum. Such a 
temperature minimum is called a lower critical solution temperature. Some systems 
have both lower and upper critical solution temperatures, 

Small amounts of impurities have a profound effect on the solubility curves of 
partially miscible binary solutions. l As long ago as 1914, Findlay suggested the 
critical solution temperatures as a criterion of purity,2 and phase separation is the 
basis of a number of analytical methods, including the cloud-point method of deter- 
mining wate?’ and binary mixtures,s-g and the cloud- and aniline-point methods 

of characterising petroleum productslO and fats.ll 
Because many binary solutions have miscibility gaps which are displaced by any 

one of an indefinite number of impurities, the phenomenon of phase separation 
should be capable of much wider analytical application than it now enjoys. This 
work is an example of the application of the phenomenon of phase separation to 
the subtle analytical problem of the accurate determination of the ratio of acetone 
to butanone-2 in binary solutions, It is novel in the application of the lower critical 
solution temperature to an analytical problem. 

THEORY 

Butanone-2 and water have an upper and a lower critical solution temperature. 

Because the lower critical solution temperature is more readily accessible, we will con- 
sider it in the following discussion. Acetone, being completely miscible with both 

* Address for 1964-65: American School of Madrid, Apartado 80, Madrid, Spain. 
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butanone-2 and water, increases their mutual solubility and increases the lower 
critical solution temperature. If a calibration curve were constructed of the critical 
solution temperature of butanone-2 in ternary solutions with water and acetone, as 
a function of the ratio of acetone to butanone-2, unknowns could be determined 
by comparison. Critical solution temperatures would be determined by varying 
the amount of water in combination with a given ratio of acetone to butanone-2 
and recording the minimum temperature of phase separation. The method would 
not be useful for determining the amount of water in any ternary solution because 
the temperature of phase separation is not very sensitive to small changes in 
composition of the system with respect to water. 

Because the shape of the solubility curve is flat over a wide composition range 
in the region of the critical solution temperature, a considerable experimental sim- 
plification can be achieved. A convenient composition near the critical solution 
composition is selected, keeping the amount of water constant throughout, and the 
temperature of phase separation is determined. This avoids the necessity of deter- 
mining the entire lower part of the solubility curve. The exact critical solution 
composition is not selected because it is not accurately known and it may change 
with increasing amounts of acetone. 

Reagents 
EXPERIMENTAL 

Reagent-grade acetone and butanone-2 and distilled water were used throughout. 

Procedure 

Ten ml of a binary solution of acetone in butanone-2 are put in a test-tube with an equal amount 
of water. After cooling the solution below the temperature at which it becomes homogeneous and 
clear, it is allowed to warm slowly and, at the appearance of the first slight haze, the temperature 
is recorded to the nearest 0.1”. To prevent separation into two layers, the solution is stirred using 
a magnetic stirrer and a short stirring bar rotating at low speed. If turbidity occurs above room 
temperature, a water bath is used. In all cases, the rate of heating is less than 1” per min. 

RESULTS 

Fig. 1 is the calibration curve of the solution temperature of ternary solutions 
of acetone, butanone-2 and water at constant water composition. The temperature 
is plotted as a function of the weight percent of acetone in the original binary solu- 
tion to which the water was added. The lower limitation of the curve is the point 
at which ice begins to separate from the water-rich phase and the upper limit is the 
boiling point of the organic rich phase. These are about -6 and 60”, respectively. 
The calibration curve has not been taken to these extremes because at the lower 
temperature, bubbles, arising from stirring, interfere with the observation of turbid- 
ity. They do not float out because of the increased viscosity of the solution at low 
temperatures. The upper extreme was avoided to prevent slight changes in composi- 
tion from vaporisation. Any solution outside the useful composition range can 
be adjusted by standard addition of one of its components. 

Observation of phase separation 

Because the refractive indices of the phases are not very different, the turbidity 
which appears as the system goes from one to two phases is light. Viewed against 
a black background with cross illumination, phase separation produces a slight 
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haze which, despite its unspectacular nature, is unmistakable and occurs within O-1”. 
Stirring should be slow and intermittent up to the point of phase separation to 
prevent interference by bubbles. 

The solution temperatures were approached from both lower and higher temper- 
atures. Agreement was within 0*4”, indicating little kinetic lag. For maximum 
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FIG. I.-The temperature above which phase separation takes place for solutions of 
acetone, butanone-2 and water. The composition is constant with respect to water. 

reproducibility, only those solution temperatures observed on increasing the 
temperature were used for analytical purposes. 

Potential accuracy of the method 

The phase separation temperature can be determined with an error of less than 
O-2” for replicate samples. The minimum slope of the calibration curve is 0.65% 
per degree and its maximum slope is 0.21% per degree at higher temperatures. 
Therefore, the minimum error should be about 0.13% at lower temperatures and 
0.04% at higher temperatures. The extreme sensitivity of the solubility of butanone-2 
in water to the presence of acetone makes this method one of high potential accuracy. 

Comparable methods of analysing binary solutions are by density and refractive 
index measurements. The difference in density between acetone and butanone-2 is 
0.0140 g/m1.12 Assuming a minimum error of 09002 g/ml in density measurements, 
the error is about 1.4%. 
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The difference in refractive index between acetone and butanone-2 is O*0216.12 
Assuming a minimum error of O-0002 in refractive index measurement, the resulting 

analytical error is slightly less than 19:. 

Interferences 

All foreign substances interfere with analysis by phase separation. Like the 
comparable physical methods of density and refractive index, analysis by phase 
separation is strictly applicable only to binary solutions or solutions in which the 
amount of interfering substance is absolutely constant from one sample to the next. 

One common impurity, water, does not interfere to a serious extent if its con- 
centration is low. Because of the flat shape of the solubility minimum, small varia- 
tions in the ratio of water to the organic components do not cause large changes 
in the solution temperature. The addition of 0.1 ml of water in excess of the usual 

amount increases the solution temperature by 0.1” for a solution showing phase 
separation at 30.4”. The addition of 0.1 ml of ethanol to the same system raised 

the solution temperature by more than 6”. 
If the amount of water, the most common impurity, is less than l’$/o there will 

be no noticeable effect on the solution temperature. The amount of water which 
may be tolerated varies with the composition of the solution being analysed because 
the shape of the solubility curve varies with composition. 

Applications 

Like density and refractive index, phase separation will usually be useful only 
when the Solutions being analysed are known to be binary solutions. An example 
is in the determination of the theoretical plates of a distilling column by analysis 

of the distillate and residue of a solution which is known to be binary. 
Routine analysis is most convenient by phase separation when acceptable limits 

of concentration have been set. One constant temperature bath can be set to the 
temperature of the lower limit of concentration and another to the temperature of 

phase separation of the upper limit. Duplicate samples can be allowed to come 

to temperature equilibrium, one in each bath. If one is turbid and the other is not, 
the sample is within the concentration limits specified. 

Phase separation is a method of cross checking other methods applicable to 
binary solutions. If a solution is assumed to be binary but is contaminated by a 
third substance, density, refractive index or phase separation measurements, taken 
singly, will give false results. If analysis by all three methods gives results which 

check with each other, the original solution was binary. 

CONCLUSION 

Analysis of binary solutions by phase separation at a lower consolute temperature 
has been illustrated by the system acetone in butanone-2. The method has the 
advantages of accuracy, simplicity and generality. It has the disadvantage of great 
susceptibility to interference. 

Zusammenfassung-Binlre Lijsungen von Aceton in Butanon- wurden 
analysiert durch Zusatz einer konstanten Wassermenge und Bestim- 
mung der Temperatur, bei der Phasentrennung eintritt. Da Butanon- 
und Wasser eine untere kritische LBsungstemperatur haben, sind die 
Lasungen bei tiefen Temperaturen klar und bei haheren triibe. Der 
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Gewichtsprozentsatz von Aceton in der bin&en Ketonlosung ist eine 
Funktion der Triibungstemperatur. Damit kann man eine Eichkurve 
aufstellen und unbekannte Losungen direkt bestimmen. Der Fehler 
betragt etwa 0,l % absolut. 
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R&m&-On a analyse des solutions binaires d’ac&one et de buta- 
none-2, par addition d’une quantite constante d’eau et determination 
de la temperature a laquelle on observe une separation de phases. La 
butanone-2 et l’eau ayant une temperature critique inferieure de 
miscibilitt, les solutions sont claires aux plus basses temperatures, et 
opalescentes aux temperatures plus &levees. Le pourcentage en poids 
de l’acetone dans la solution binaire initiale des &ones est une fonction 
de la temperature de separation des phases. L’analyste peut ainsi 
construire une courbe d’etalonnage et doser directement des solutions 
inconnues. L’erreur est d’environ 0,l % absolu. 
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Snmmary-A method is described for the anion-exchange separation of 
small quantities of beryllium, vanadium, magnesium, calcium, alumin- 
ium, gallium and indium from gram-amounts of uranium. For this pur- 
pose, a medium consisting of 95 % methanol and 5 % 5M nitric acid is 
passed through a resin bed of Dowex 1, X8. By subsequent washing 
of the resin with a methanol-nitric acid mixture of the same composi- 
tion, these metal ions are preferentially eluted from the column, 
whereas uranium is still retained by the anion exchanger. In the 
eluates the elements are determined by means of spectrophotometric 
or titrimetric procedures. 

INTRODUCTION 

RESEARCH work carried out by Buchanan and Farisl has shown that uranium is only 
weakly adsorbed on strongly basic resins from aqueous nitric acid solutions. This 
fact has been employed to separate uranium, together with other weakly adsorbed 
elements, from those which are strongly adsorbed, such as thorium and bismuth. 

When the nitrate concentration of such solutions is increased, as, for instance, by 
adding the nitrates of ammonium,2 aluminium3p4 or nickel,4 the uptake of uranium 
by these resins is considerably enhanced, and quantitative adsorption can be achieved. 
These methods, however, suffer from the disadvantage that large amounts of salts 
will be present in the effluent in which the non-adsorbable elements have to be deter- 
mined. In addition, gross quantities of vanadate and other anions would compete 
with uranium for resin sites, thus limiting the quantitative retention of uranium. 

In mixed aqueous-organic solvent systems, in which the distribution coefficients 
of most elements are considerably higher than in pure aqueous nitric acid solutions, 
uranium is also more strongly adsorbed, as has been shown in detail by Korkisch 
and coworkers.5l6 

Based on these observations an attempt has been made to find a means of sepa- 
rating large amounts of uranium as the nitrate from milligram or microgram quantities 
of other metal ions, such as beryllium and vanadium, which might be present in 
uranium used as a reactor fuel, or in uranium compounds obtained after the processing 
of uraniferous materials such as carnotite ores. 

Reagents 
EXPERIMENTAL 

Ion-exchange resin: The strongly basic anion exchanger Dowex 1, X8 (100-200 mesh; nitrite 
form) was used. 

Standard solutions of uranium and other elements: 5M nitric acid solutions of the nitrates, of 
exactly known element content, were employed. 

1623 
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Organic solvent: Reagent-grade methanol. 
Wash solution: 95 % (v/v) methanol- 5 % (v/v) 5M nitric acid. 

Apparatus 

Ion-exchange columns: The column operations were carried out in resin columns of 75 cm length 
and a diameter of 1 cm. 

Spectrophotometer: For the spectrophotometric determination of all elements investigated, with 
the exception of uranium which was determined fluorimetrically, the Beckman Model B spectro- 
photometer was employed. 

Fluorimeter: The photoelectric fluorimeter employed was a Galvanek Morrison Fluorimeter, 
Mark V. 

Quantitative determinations 

Determination of uranium: The quantitative determination of uranium in the effluents was per- 
formed fluorimetrically by means of a procedure described by Schonfeld, El Garhi, Friedmann and 
Veselskv.’ 

Detkmination of other elements: The convenient and accurate photometric procedures described 
by SandelP and by Snell and SnelP were used to determine microgram amounts of all metal ions 
investigated except beryllium, for the assay of which the following method was developed: 

To 1 ml of 5M nitric acid, containing not more than 20 ,ug of beryllium, are added 1 ml of a 1% 
solution of Neothoron in methanol and 1 ml of O.lMEDTA solution (disodium salt), and the solution 
is diluted to 10 ml with 2M sodium acetate solution. Spectrophotometric measurement is carried 
out at 570 mp. 

Under these experimental conditions, Beer’s law is obeyed from 0 to 20 ,ug of beryllium/l0 ml of 
measured solution. The addition of EDTA reduces the number of interfering elements considerably, 
so that in practice only appreciable amounts of aluminium and iron interfere slightly. Uranyl ions 
would cause strong interference when present, but they are removed by the ion-exchange step. 

The determination of milligram quantities of the elements investigated was performed by using 
suitable titrimetric methods, mostly employing titration with 0.01 or O.OOlM solutions of EDTA. 

Column operations 

Through the resin bed, pretreated with 100 ml of the wash-solution, were passed 20 ml of a mixture 
consisting of 1 ml of 5M nitric acid (containing uranium and the other element to be separated from 
uranium) and 19 ml of methanol, at a flow rate of 0.5 ml/min. The column was washed at the same 
rate with the wash solution, effecting the preferential elution of the second element; uranium 
passes only slowly down the column. When performing the test runs, each 5-ml portion of the effluent 
was collected and analysed for the metal ion in question and for uranium. After complete elution of 
the element, uranium is removed from the column by washing with a mixture consisting of 50% 
methanol-45 y0 water-5 y0 5M nitric acid. The composition of this mixture is not critical, but 
after elution the resin can be regenerated better than if aqueous nitric acid only were used. In 
addition, excessive bubble formation is prevented. 

RESULTS AND DISCUSSION 

In Table I, the results of a series of separation experiments, carried out according 
to the ion-exchange procedure described above, are recorded. In all cases quantitative 
separation can be achieved, even when 10 g of uranium are present in the sorption 
solution. To demonstrate the effectiveness of this separation procedure the break- 
through volumes of uranium and the elution volumes of the other elements have been 
included in the table. As the elution volume, the ml of wash solution necessary to 
elute completely the element in question was taken. The break-through volumes of 
uranium are the ml of effluent in which uranium is detectable by means of the 
fluorimetric procedure. ’ Because the elution and break-through volumes are always 
more or less distinct, quantitative separation can thus be ensured. 

Attempts to separate cadmium or strontium from uranium were unsuccessful. 
Investigations carried out using other aliphatic alcohols in place of methanol 

have shown that in these solvents the separation of uranium from the metal ions 
investigated here is less advantageous, because of stronger adsorption by the resin. 
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TABLE I.-SEPARATION OF BERYLLIUM, VANADIUM(V), MAGNESIUM, CALCIUM, 
ALUMINIUM, GALLIUM AND INDIUM FROM URANIUM 

Amount 
of uranium taken, 

g 

Amount of other Amount of other Elution Break-through 
element taken, element recovered, volume, volume of 

mg mg ml uranium, ml 

10 
5 
1 
1 
1 
0.1 

10 
5 
0.05 
0.1 
1 
0.5 
1 
0.5 
1 
1 
1 
1 
7 
1 
1 
1 
0.5 

iii 
Be 
Be 
V 
V 
V 
V 

Mg 
Mg 
Ca 
Ca 
Al 
Al 
Al 
Ga 
Ga 
Ga 
In 
In 
In 

5 5.007 
5 5.001 
5 5.002 
0.1 0.098 
0.01 0.010 
0.01 0.010 
5 4.98 
0.1 0.10 

12. 12.02 
5. 5.004 
5 5.01 
5 4.98 
5 5.01 
5 5.02 

10 9.987 
0.1 0.101 
5 5.01 
4 4.01 
0.1 0.10 
5 5.008 
5 5.01 
0.1 0.10 
5 4.99 

80 

:: 
80 
80 
80 
80 
60 

120 
80 
80 
80 
90 
90 
80 
80 
80 
90 
90 

1: 
100 
100 

100 
130 
130 
130 
130 
180 
90 

130 
225 
250 
150 
150 
140 
140 
130 
130 
130 
130 
120 
130 
130 
130 
130 

Acknowledgements-This research was sponsored by the International Atomic Energy Agency and 
the United States Atomic Energy Commission under Contract No. 67/US (AT(30-l)-2623). The 
generous support of the agencies is gratefully acknowledged. 

Zusammenfassung-Es wird eine Methode beschrieben mittels der 
geringe Mengen an Beryllium, Vanadium, Magnesium, Calcium, 
Aluminium, Gallium und Indium von Grammengen Uran durch 
Anionenaustausch getremrt werden kbnnen. Zu diesem Zweck 
wird eine Losung bestehend aus 95 % Methanol und 5 % 5M Salpeter- 
siiure durch ein Harzbett aus Dowex 1, X8 flie8en gelassen. Beim 
darauffolgenden Waschen des Harms mit einer Methanol-Salpeterslure- 
mischung derselben Zusammensetzung werden diese Metallionen 
bevorzugt von der Saule eluiert wtihrend Uran weiterhin vom Anion- 
enaustauscher festgehalten wird. In den Eluaten werden damr die 
Elemente mittels spektrophotometrischer oder titrimetrischer Ver- 
fahren quantitativ bestimmt. 

Resum&On decrit une methode de separation, par &change anionique, 
de petites quantites de beryllium, vanadium, magnesium, calcium, 
aluminium, gallium et indium, a partir de quantitts d’uranium de 
l’ordm du gramme. Dans ce but on fait passer, & travers une couche 
de &sine Dowex 1, X8, un milieu constitue de 95% de methanol et 
5% d’acide nitrique 5M. Par lavage ulterieur de la r&sine avec un 
melange m&hanol-acide nitrique de meme composition, on Clue 
preferentiellement ces ions m6talliques de la colonne, cependant que 
l’uranium reste retenu par l’khangeur anionique. Dans les &rats, 
les elements sont doses par des techniques spectrophotometriques ou 
volumbtriques. 
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Summary-Silver can be extracted from near-neutral aqueous solution 
into nitrobenzene as the ion-association system formed between its 
I,lO-phenanthroline complex and bromopyrogallol red. In the 
presence of EDTA, mercury(II) and bromide ions as masking agents, 
the extraction system is highly selective. Of 42 ions examined, only 
thiosulphate and large amounts of gold interfere. The colour system 
is very sensitive (c = 32,000). Also, it can readily be applied to the 
indirect detexmination of concentrations of cyanide down to 0.026 ppm 
by determination of an added excess of silver. 

THE few extraction systems that exist for silver are, in the main, dependent on chelation 
and are, as a consequence, somewhat unselective in action. Notable exceptions are 
the ion-association systems developed by Betteridge and West1 and by Ziegler et 
~1.~ However, even these systems have some limitations, especially with anions which 
form strong silver complexes. In addition, some cations interfere,l among the more 
prominent being mercury(H). 

In our ex~ination of the very sensitive and selective silver~l,lO-phena~~ro~ne~ 
bromopyrogalloi red method,3 it was noted that very large amounts of anions 
completely prevented the development of the colour system. Even nitrate, when 
present in greater than a lOOO-fold mole excess over silver, completely prevented 
all colour development. This is, of course, in keeping with the behaviour of ion 
association systems of which the above is an example. In addition, with large amounts 
of silver (lO_llw solutions) there is danger of precipitation. Thus, although this 
reaction is extremely sensitive in aqueous solution (E = Sl,OOO), its usefulness is 
limited by interference from anions and it cannot be used for the determination of 
amounts of silver larger than 10 pg. 

With these restrictions in mind, the possibilities of extracting the blue ternary 
complex, produced between silver, 1, IO-phenanthroline and bromopyrog~lol red, 
from near-neutral solution were investigated. 

Water-immiscible solvents, such as ether, benzene, carbon tetrachloride, chloro- 
form, methyl isobutyl ketone, amines, higher alcohols, etc., all caused the blue 
complex to collect at the interface of the two phases. In addition, water-miscible 
solvents prevented or completely destroyed the colour. Only nitrobenzene was found 
to be capable of extracting the complex. In this medium the maximum absorption 
peak was at 590 mp (cf. 635 rnp in aqueous solution) when compared with a blank 
of distilled water or nitrobenzene. Although the colour slowly faded to brown 
after several days, there was no sign of any precipitation at any time. The colour 

* Present address: Department of Chemistry, Imperial College, London S.W.7, England. 
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could also be developed directly in the nitrobenzene phase by first extracting an 
aqueous solution of silver nitrate and l,lO-phenanthroline at pH ca. 7 with nitro- 
benzene, followed by an equilibration with an aqueous solution of bromopyrogallol 
red in 1% ammonium acetate. The dyestuff itself is not extracted by nitrobenzene. 

Procedures were subsequently developed along these lines for the determination 
of lo-50 ,ug of silver directly in the nitrobenzene phase. The molar extinction co- 
efficient was calculated to be 32,000, which is equal to that of the standard dithizone 
and p-dimethylaminobenzalrhodanine methods. In addition, amounts of silver 
down to 1 ,ug, can be determined with but slight alteration in the recommended 
procedure. Small concentrations of silver can be determined by using the 
extraction system as a means of concentration. 

The major difficulty encountered in this investigation was the slowness of the 
phase separation, following the final extraction with an aqueous solution of bromo- 
pyrogallol red. An ice-water treatment of the separating funnels was unsuccessful 
and the addition of a very large excess of electrolyte merely destroyed the colour of 
the final complex in the nitrobenzene phase. 

The turbidity of the organic phase could be removed, without prolonged standing, 
by running it into a beaker containing a few pellets (CCL 5) of sodium hydroxide. 
Upon swirling, the turbidity disappeared in about 1 min. However, under these 
conditions the stability of the solutions was somewhat reduced and the absorbance 
measurements had to be made within 0.5 hr of this treatment. Other drying agents, 
such as calcium chloride, oxide and sulphate, etc., merely adsorbed the blue com- 
plex, CJ however Note 1. 

The effect of the l,lO-phenanthroline concentration on the efficiency of the 
extraction system was determined. It was concluded that, provided a 5-fold mole 
excess over silver was present, there was no significant increase or decrease in the ex- 
pected absorbances. The effect of EDTA was similarly investigated, but once again 
it had no pronounced effect, even with amounts such as 10 ml of a lo-lM solution. 
Furthermore, the order of addition of reagents was found to be equally unimportant. 

Interferences 

Because of the anionic interference in aqueous solution, this examination was 
restricted, in the first instance, to about a lOOO-fold g ion excess over silver of the 
following anions : sulphate, phosphate, carbonate, chloride, bromide, iodide, fluoride, 
cyanide, thiocyanate, chlorate, thiosulphate, nitrate, acetate, oxalate and citrate. 
Provided that the aqueous phase is removed after theinitialextraction of the silver/l, lo- 
phenanthroline with nitrobenzene, and before the final extraction with an aqueous 
solution of bromopyrogallol red, only cyanide, thiocyanate, iodide and thiosulphate 
interfere. With the aid of a double masking action with mercury(I1) ions, only thio- 
sulphate continued to interfere. A sufficient excess of mercury(I1) ions is added to 
the solution containing silver and l,lO-phenanthroline to complex cyanide, thio- 
cyanate and iodide. Excess EDTA is then added to complex the excess mercury(I1). 
Under these conditions only silver and 1 ,lO-phenanthroline are extracted and the 
colour can be developed in the usual way. 

Only mercury@) and copper( of those cations previously investigated3 and 
found not to interfere in aqueous solution in the presence of excess EDTA, were 
re-investigated in the extraction procedure. Neither was, however, found to interfere 
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in the recommended procedure, which incorporates, once again, the use of EDTA as 
a general masking agent. 

The cation examination was confined primarily to those ions which were found 
to interfere in aqueous solution, i.e., niobium(V), gold(III), thorium(IV) and ura- 
nium(VI).3 To these antimony(V) was added because it had been found to give, with 
bromopyrogallol red, a blue coloured complex, which was stable to EDTA. Under 
those conditions outlined in the recommended procedure only gold(II1) continued 
to interfere. In addition, it was now unnecessary to add further masking agents, such 
as hydrogen peroxide or fluoride. 

Gold(III), when present in a 5-fold excess over silver, no longer interfered if a 
sufficient amount of bromide ions was added to form the AuBr, complex before the 
initial extraction. Alternatively, the extraction can be carried out from ammoniacal 
solution at pH 10. The ammine complex of gold now prevents its extraction, but a 
decrease in sensitivity (cu. 4-fold) is obtained because of the less efficient extraction 
of silver/ 1, lo-phenanthroline at this elevated pH. 

Thus, the proposed extraction is completely free from the interference of the 26 
cations and 14 anions examined, viz., aluminium(III), ammonium, antimony(V), 
barium@), bismuth@), cadmium(II), calcium@), cerium(III), chromium(III), 
cobalt(II), copper( iron( iron(III), lanthanum(III), lead(II), magnesium(B), 
manganese(II), mercury@), niobium(V), nickel(II), palladium(II), thallium(I), 
thorium(W), titanium(IV), uranium(VI), zinc(I1) and acetate, bromide, carbonate, 
chloride, chlorate, citrate, cyanide, fluoride, iodide, nitrate, phosphate, sulphate, 
tartrate and thiocyanate. Only thiosulphate and large amounts of gold(III) caused 
interference. 

EXPERIMENTAL 
Reagents 

10e4M Silver nitrate solution. Prepare by dilution of standard lo-‘M silver nitrate solution. 
10e8M l,lO-Phenanthroline solution. Dissolve 49.56 mg of analytical reagent grade IJO-phen- 

anthroline in distilled water and dilute to 250 ml. 
20% Ammonium acetate solution. Dissolve 20 g of analytical reagent grade ammonium acetate 

in distilled water and dilute to 100 ml. 
IO-“M Bromopyrogallol red solution. Dissolve 13.96 mg of bromopyrogallol red plus 25 g of 

analytical reagent grade ammonium acetate in distilled water and dilute to 250 ml. This solution 
should be discarded after 5 days. 

lo-lM EDTA solution. Dissolve 3.7225 g of the analytical reagent grade disodium salt in dis- 
tilled water and dilute to 100 ml. 

1M Sodium nitrate solution. Dissolve 8.5 g of analytical reagent grade sodium nitrate in distilled 
water and dilute to 100 ml. 

Nitrobenzene, Reagent grade 
Sodium hydroxide, Reagent grade pellets 

A Unicam SP 600 spectrophotometer was used for the absorbance measurements. 

Procedure 

Calibration curve. Pipette l-5 ml of 10-4M silver nitrate solution, 1 ml of 20 % ammonium acetate 
solution, 5 ml of lo-*M l,lO-phenanthroline solution, 1 ml of lo-IM EDTA solution and 1 ml of 
1M sodium nitrate solution into lOO-ml separating funnels. Add sufficient distilled water to give a 
constant volume of solution in each funnel, then add 20 ml of nitrobenzene and shake by continuous 
inversion for 1 min. Allow about 10 min for the layers to separate, then transfer the lower organic 
layers to different IOO-ml separating funnels and add to the latter 25 ml of 1O-4M bromopyrogallol 
red solution. Again shake by continuous inversion for 1 min and allow about 30 min for the layers 
to separate. Run the lower nitrobenzene layers into NO-ml beakers, each containing about 5 pellets 
of sodium hydroxide (Note I) and swirl each beaker until all cloudiness disappears (cu. 1 min). Finally, 



1630 R. M. DAGNALL and T. S. WEBT 

transfer the solutions to l-cm cuvettes and, as soon as possible (within 0.5 hr), measure the absorbance 
at 590 m,u against a blank carried through the same procedure, but containing no silver: 

1 ml of lo-WAgNO = 10.788 ,ug of Ag. 

The graph of absorbance vs. micrograms of silver is a straight line from 10 to 50 pg of silver 
and passes through the origin. 

Deferminations. Take an aliquot of the silver test solution, containing between 10 and 50,~~g 
of silver, and add sufficient EDTA to complex all those cations present which form an EDTA com- 
plex. If gold is present (<250 pg), add, in addition, sufficient bromide ion to form the AuBr,- 
complex. If cyanide, thiocyanate or iodide is present, add sufficient mercury(D) ions to complex 
these anions followed by sufficient EDTA to complex any excess mercury(D). Add 1 ml of 20% 
ammonium acetate solution, etc., and proceed as under Calibration Curue. Only thiosulphate inter- 
feres in this determination. 

The determination of smaller amounts of silver can be carried out in a similar manner by using 
4-cm cuvettes (for l-10 rg of silver) or by using the extraction system as a means of concentration. 

DISCUSSION 

The proposed method is, in most respects, superior to the existing spectrophoto- 
metric procedures for the determination of silver. It is simple and quick in operation; 
there is no need for a special purification of reagents and the usual disadvantages 
associated with the dithizone and rhodanine methods are, therefore, eliminated. 
The method is equally as sensitive (c = 32,000) as the hitherto most sensitive silver 
reagentp-dimethylaminobenzalrhodanine. In addition, because of the use of masking 
agents and the selectivity of the nitrobenzene extraction system, only thiosulphate 
was found to interfere. The solution colours are stable for 0.5 hr after complete 
colour development and, provided the bromopyrogallol red reagent solution is not 
kept for longer than about 5 days, reproducible results can be obtained. With large 
amounts of silver (1 O-50 pg) there is no danger of precipitation, and smaller amounts 
of silver can readily be determined with the minimum of alteration in the recom- 
mended procedure. 

Furthermore, the method can be readily applied to the indirect determination of 
trace amounts of cyanide by determination of an added excess of silver. Thus, by 
employing 10 ml of a lOa M silver nitrate solution and extracting into 40 ml of 
nitrobenzene in the recommended procedure, 2*602-13.01 ,ug of cyanide (l-5 ml 
of lo4 M potassium cyanide solution) can be determined. Smaller concentrations of 
cyanide can be determined by using the extraction system as a means of concentration. 
Cyanide, in the range O-026-2-6 ppm, has been determined in this way. The advan- 
tages of this method are that, of the common anions, only thiocyanate, iodide and 
thiosulphate interfere; in addition, only those cations which form a more stable 
complex with cyanide than silver (e.g., Hg2+), will interfere. 

The complex produced in aqueous solution between silver, l,lO-phenanthroline 
and bromopyrogallol red is an ion-association system, ([Phen-Ag-Phen]+)2 * BPRz. 
This accounts for the selectivity and sensitivity of the method and for the instability 
towards anions in aqueous solution. However, there is still some doubt as to the 
mechanism of the extraction into nitrobenzene. Preliminary experiments suggest the 
existence of a differently constituted species in this solvent, probably [Phen-Ag- 
Phen]+ * BPR2-, which would account for the decrease in the value of the molecular 
extinction coefficient and for the shift in wavelength of maximum absorption. Work 
is now proceeding on this aspect and on the possibility of using chromogens which 
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do not contain chelating groups. Ligand bases other than l,lO-phenanthroline are 
also being investigated. 

Note 1. The sodium hydroxide is the source of instability of the colour system, which is otherwise 
as stable as that of the aqueous one.* 
droxide is unnecessary. 

We have found more recently that the use of sodium hy- 
Effective clarification of the nitrobenzene extract can be obtained by swirling 

a portion of it in a clean dry beaker before transference to the cuvette. 

Zusannnenfasaung-Silbr kann aus fast neutraler wtiriger Lijsung als 
Ionenassoziat zwischen seinem 1, IO-Phenanthrolinkomplex und Brom- 
pyrogallolrot mit Nitrobenzol extrahiert werden. In Gegenwart von 
EDTA, Quecksilber(l1) und Bromid zur Maskierung ist das Extrak- 
tionssystem hochselektiv. Unter 42 untersuchten Ionen stiirten nur 
Thiosulfat und grol3e Mengen Gold. Die Farbreaktion ist sehr 
empfindlich (E = 32 000). In gleicher Weise kann die Methode zur 
indirekten Bestimmung von Cyanid bis herunter zu 0,026 ppm ver- 
wendet werden durch Bestimmung eines zugesetzten Silbertiber- 
schusses. 

R&un&-On peut extraire l’argent au nitroberm?ne, 51 partir de 
solutions aqueuses voisines de la neutralite, a l’etat de systeme d’associ- 
ation ionique forme entre son complexe l,lO-phenanthrolinique et le 
rouge de bromopyrogallol. En presence d’EDTA, et d’ions mercure 
(II) et bromure comme agents dissimulants, le systeme d’extraction 
est hautement selectif. Parmi 42 ions examines, seuls l’hvposulfite et 
de fortes quantites d’or interferent. Le systeme color-e est ‘t&s sensible 
(E = 32 000). On peut aussi appliquer aisement cette m&ode au 
dosage indirect de concentrations en cyanure aussi faibles que 0,026 
p.p,m. par dosage dun exc& d’argent ajoute. 
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DETERMINATION OF BERYLLIUM BY MEANS OF 
HEXAMMINECOBALT(II1) CARBONATOBERYLLATE-I 

COMPOSITION OF THE PRECIPITATE AND ITS SUITABILITY 
AS A WEIGHING FORM FOR BERYLLIUM 

R. G. MONK and K. A. EXELBY 
Atomic Weapons Research Establishment, U.K.A.E.A., 

Aldermaston, Berks., England 

(Received 3 August 1964. Accepted 24 August 1964) 

Summary-The precipitate obtained when hexamminecobalt(II1) 
chloride is added to a solution of beryllium in excess ammonium 
carbonate has been analysed and its behaviour under different humidity 
conditions examined. The composition is that of hexamminecobalt(II1) 
hexacarbonato-oxo-tetraberyllate [Co(NHs)&[BepO(CO&,]~xH~O, as 
suggested by Sen Gupta, rather than that of Pirtea [Co(NH,),][(H,O), 
Be,(C0,),(OH).J3He0. x depends on the humidity of conditioning, 
varying between 104 and 11.1 at relative humidities between 32 and 
80%. Drying the precipitate in vucuo over anhydrous magnesium 
perchlorate or phosphorus pentoxide results in 3 molecules of water 
being retained. The compound as normally precipitated may be a 
mixture of the deca- and dodecahydrates that Sen Gupta prepared. 
After conditioning at a definite humidity and if an empirical factor is 
used, the precipitate may be suitable as a gravimetric form for deter- 
mining beryllium where precision requirements are not too exacting. 

OVER the past few years the development of beryllium metallurgy has resulted in the 
production of increasingly pure metal and consequently in heavier demands on the 
analytical chemist. The purest metal now available has a total impurity content of 
not more than O-OS%, most of which is oxygen, and it is desirable to have a highly 
accurate and precise beryllium assay method to supplement other analytical informa- 
tion. 

The accurate determination of beryllium is a matter of some difficulty because the 
element does not readily form complexes or insoluble compounds of definite stoichio- 
metric composition. The oxide has, perhaps, been most used for the gravimetric 
determination of beryllium, the hydroxide being precipitated in the presence of 
ethylenediaminetetra-acetate (EDTA) ion, which complexes a wide range of other 
cations. Unfortunately, this is not completely successful in preventing coprecipitation 
of impurities and it is usually necessary to carry out a spectrographic analysis of the 
oxide to enable suitable corrections to be made. This method also suffers from the 
usual difficulties associated with the high temperature ignition and weighing of a hygro- 
scopic oxide. The determination as pyrophosphate suffers from similar disadvantages. 

A number of organic precipitants have been proposed for the determination of 
beryllium, including 8_hydroxyquinaldine, /?-hydroxy-u-naphthaldehyde and di- 
methylhexandione, but none of the resulting procedures is of a sufficiently high order 
of precision for the present purpose. 

1633 
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A method based on the potentiometric titration of the hydroxyl ion liberated in 

the reaction 
Be(OH), + 4F- -+ BeFd2- + 20H- 

has been described by McClure and Banks1 and has been used quite widely. This is 
an empirical procedure and the acid titrant must be standardised against beryllium. 
It was used routinely in this Establishment for some time, for moderately pure 
beryllium metal, giving results reproducible to 0.1-0.2 %. However, on occasions the 
method broke down completely and a more reliable procedure was required. 

A number of papers by Pirtea24 and coworkers describe a gravimetric method 
for determining beryllium in which the element is precipitated as a hexammine- 
cobalt(II1) compound of a carbonatoberyllate anion. Good results were obtained 
with quantities of beryllium between O-9 and 72 mg, the reproducibility being about 
0.1% of the beryllium added at the higher levels; a micro-adaptation was shown to 
be satisfactory for quantities of beryllium between 70 and 350 pg. In this procedure 
the beryllium solution is neutralised and a large excess of ammonium carbonate added, 
forming the basic carbonatoberyllate anion. Any precipitated beryllium hydroxide 
or carbonate dissolves fairly readily in ammonium carbonate and a clear solution is 
obtained. Excess saturated hexamminecobalt(II1) chloride is then added. After 
standing for some time the precipitate is collected on a sintered glass crucible, washed 
successively with O-2 ‘A hexamminecobalt(II1) chloride solution, 60 0/O alcohol, absolute 
alcohol and ether. The precipitate is first dried by suction, then left in a vacuum 
desiccator for 15 min and weighed. The method was shown to be highly selective for 
beryllium if carried out in the presence of a suitable complexing agent, such as 
tartrate or EDTA, to prevent the precipitation of metals giving insoluble hydroxides 
or carbonates. 

The above method appeared to be the most promising of available procedures 
from which a highly precise beryllium assay method might be developed and it was 
decided to investigate it further. The composition assigned to the complex by Pirtea 
disagrees with the results of other workers on carbonatoberyllates, although these are 
not entirely consistent with each other, as is shown below. 

Compounds of basic beryllium carbonate were first prepared in 1855 by Debray, 
who dissolved beryllium hydroxide in aqueous potassium carbonate solution. From 
this solution he isolated the potassium salt to which he assigned the formula 3K,Be 
(COa)2*Be(OH)2; he and Klatzo6 prepared the corresponding ammonium salt. More 
recently, Sen Guptaa dissolved beryllium hydroxide in aqueous potassium bicarbonate 
and from the resulting solution he isolated a hygroscopic compound which he con- 
siders to be a hydrated form of K,[Be,O(COs),] ; he similarly obtained the corre- 
sponding sodium salt. Ignoring the water content, Debray’s and Sen Gupta’s products 
are identical in composition. The formula proposed by Sen Gupta contains the anion 
[Be40(C0,>J6-, which has the typical basic beryllium carboxylate structure as found 
in the basic acetate Be,O(CH,COO),. 

In contrast with the above observations, Humpidge,5 in 1886, prepared an am- 
monium carbonatoberyllate whose formula he gave as 2(NH3,Be(COJ2*Be(OH),. 
As regards the hexamminecobalt(II1) compound, Pirtea gives it the formula [Co 
(NHa)e][(H20)2Be2(COs)2(OH)J~3H20, whereas Sen Gupta considers it to have the 
same anion as the other salts and writes the formula as [Co(NHa),J2[Be40(CO&]. 
Sen Gupta finds it to contain 10 or 12 molecules of water “according to the amounts 
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of ammonium carbonate or alkali bicarbonate utilised for complexing beryllium”. 
The lOH,O compound gives tetrahedral and octahedral crystals, while the crystals of 
the 12H,O are said to be feather-like. He states that the latter can be used for the 
gravimetric determination of beryllium, but gives no details as to how each hydrate 
can be produced or how he dried his precipitates. 

The formulae given by Sen Gupta for his compounds are all supported by ana- 
lytical results for N, Be, C and H. However, no such evidence is given by Pirtea and 
it is difficult to see on what grounds he arrives at his rather odd formula. The only 
statement made in its justification, literally translated from the Rumanian, is as 
follows : “Given the high molecular weight of the compound obtained, 440, corre- 
sponding to an empirical formula [(H20)aBe~(COs),(OH)~[Co(NHs),]~3H,0 and the 
small atomic weight of beryllium, 9.02, beryllium enters into this compound in the 
proportion of only 4*10%.” The experimental results obtained by Pirtea, using 
4.10% as the beryllium content of the precipitate, appear to be good, in-so-far as 
the weight of beryllium found agrees with the amount added, but here the paper is 
obscure in another respect. It appears that the beryllium was added as a standard 
solution of Be(NOs),~4H,O but it is not stated how the solution was standardised. 

From the foregoing it was evident that it would first be necessary to establish the 
composition of the precipitate and experiments for this purpose are described below. 

EXPERIMENTAL 

Preliminary experiments showed that vacuum desiccation of hexamminecobalt(II1) carbonato- 
beryllate over anhydrous magnesium perchlorate or phosphorus pentoxide resulted in continuous 
weight loss over a period of a day or two before constant weight was reached. The short drying 
period of 15 min in a vacuum desiccator as recommended by Pirtea could not, therefore, be regarded 
as a satisfactory procedure. Experiments were therefore performed to determine whether a suitable 
conditioning procedure at a definite humidity would give a product of sufficiently stable composition 
for weighing. 

Stability of Compound at Various Humidities 

Reagents 

Standard beryllium solution (about 2% by weight). Prepared by dissolving beryllium metal flake 
of 99.8% purity (based on impurity analysis) in hydrochloric acid in a tared flask, diluting and 
weighing. Portions of the solution were weighed out as required from a polythene ampoule drawn 
out to a fine jet. 

25 % Ammonium carbonate solution (containing EDTA). 250 g of ammonium carbonate and 4 g 
of disodium ethylenediaminetetra-acetate were dissolved by stirring with 500 ml of water containing 
120 ml of concentrated aqueous ammonia, and the solution diluted to 1 litre. 

HexamminecobaIt(ZZZ) chloride. 5 % aqueous solution 
Wash solutions. 0.2 % aqueous hexamminecobalt(III) chloride 

60 % v/v ethanol and water 

Procedure 

A weighed portion of beryllium solution was diluted to about 25 ml, 1M aqueous ammonia 
added until a permanent precipitate was formed and the latter dissolved by the addition of 1M 
hydrochloric acid. 20 ml of ammonium carbonate solution were added and the solution heated to 
about 60” for a few minutes until it became completely clear. An excess (20-50 %) of 5 % hexammins 
cobalt(II1) chloride solution was then added and the solution allowed to cool to room temperature. 
The precipitate was collected on a tared X4 sintered glass crucible and washed successively with 0.2 % 
hexamminecobalt(III) chloride solution and 60 % v/v ethanol. It was then dried by suction (about 
15-20 min). Washing with absolute ethanol was avoided to prevent possible dehydration of the 
compound. 

The crucible and contents were weighed and transferred to a desiccator in which an atmosphere 
of controlled humidit was maintained. The humidifying agents used were moistened crystals of 
ammonium chloride about 80% R.H. at 20”), magnesium nitrate (about 55% R.H. at 20”) and Cy 
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calcium chloride (about 32 % R.H. at 20”). When constant in weight the sample was transferred to 
a vacuum desiccator containing anhydrous magnesium perchlorate or, in one experiment, phosphorus 
pentoxide. 

Constant weight, reproducible to about 0.03 %, was reached in 10-20 hr at relative humidities of 
30-80x. However, dehydration took much longer and the reproducibility was only about 0.3 % in 
these experiments because the desiccated material was very hygroscopic. 

The results are shown in Table I. 

TABLE I.-EFFECT OF HUMIDITY ON HEXAMMINECOBALT(III) CARBONATOBERYLLATE 

Experiment no. 1 2 3 4 5 

Weight (g) after 
exposure for 24 hr 
at: 

80% R.H. 
55 % R.H. 
32 % R.H. 

Weight(g) after dry- 
ing in vacua over mag- 
nesium perchlorate 

0.8285 
0.8685 

0.8236 0.8655 1.2303 0.5213 0.6216 
Hr Hr Hr Hr 

2 0.7226 0.7588 20 1.1382 15 04466 7 0.5437a 
67 0.7005 0.7356 69 1.0472 22 04481 72 0.5344’” 
70 0.7029 0.7389 72 1.0507 84 O+l40 104 0.5347a 

116 04454 170 0.53375 

Weight relative to 
that at 32% R.H. 
after exposure to : 

80 % R.H. 1+059 
55 % R.H. 1.0035 

magnesium per- 
chlorateb 0.851 0.850 0.851 0.852 0.859a 

0 Dried over phosphorus pentoxide. 
b Ratios were calculated from the minimum weights observed. 

Analysis for Elementary Constituents 

Early experiments showed that conditioning at 30-80x R.H. gave a product sufficiently stable 
to handle in the ordinary laboratory atmosphere without the occurrence of sudden weight changes. 
Further experiments were carried out in which the complex was conditioned for 24 hr at 32 % R.H., 
then analysed for cobalt, carbon, hydrogen and nitrogen. Four precipitations were carried out and 
cobalt determined on all four precipitates by the method to be described in Part II. Duplicate deter- 
minations of carbon, hydrogen and nitrogen by micro-combustion were made on two of the pre- 
cipitates. The beryllium content of the precipitate was calculated from the known amounts added 
on the assumption of complete precipitation. 

These results are shown in Table II. 

DISCUSSION 

It is clear, from the atomic ratios of carbon to the other elements shown in Table 
II, that the precipitate has the composition stated by Sen Gupta and not that of 
Pirtea. The compound should, therefore, be termed hexamminecobalt(II1) hexa- 
carbonate-oxo-tetraberyllate and has the formula [Co(NH&[Be40(CO&]~xHz0. 
The value of x may be calculated from the cobalt content, which was the most accurate 
of the determinations carried out. The mean value of the cobalt content of the 
compound conditioned at 32% R.H. was 12-696 f O-003 ‘A, corresponding to a 
molecular weight of 928.4 and giving x the value of 10.8. From the results in Table 
I, x has the value of 11.0 and 11-l for the material conditioned at 55 % and 80% 
R.H., respectively. 3.0 molecules of water are retained by the precipitate after 
drying in zxzcuo over magnesium perchlorate. In view of Sen Gupta’s identification 
of the deca- and dodecahydrates it is possible that these species are of very similar 
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stability and that the precipitates normally obtained are mixtures of the two. It is 
difficult to account for the continuous change in composition between 32 and 80% 
R.H. that we observed, but equilibrium is certainly reached quite rapidly at any 
humidity in the range. The loss in weight in vacm over magnesium perchlorate also 
took place rapidly in the initial stages, and in Experiments 1 and 2 over 80% of the 
total water lost came off in the first 2 hr. Drying the precipitate in a vacuum desiccator 
for 15 min as recommended by Pirtea would, therefore, be expected to give a large 
loss in weight and a product of variable composition. 

Since completing the above work we have seen the paper of Vinogradov’ et al. on 
the same subject. They used Pirtea’s method for precipitating beryllium and after 
determining the cobalt, carbonate and water contents of the precipitate, also con- 
cluded that it has the Sen Gupta formula. However, they find the beryllium content 
to be 3.95 %, corresponding to 10 molecules of water. Because they followed Pirtea 
it is presumed that they also dried the precipitate for 15 min in uacuo over an un- 
specified desiccant. Because Pirtea and Vinogradov obtained results of reasonable 
reproducibility it is presumed that whatever desiccant was used was relatively slow 
in action. However, even in this case, the system cannot have been in equilibrium 
and the compound must have been losing weight continuously, if slowly. Vinogradov 
also measured the rate of decomposition of the compound on heating. He showed 
that it begins to lose weight at 30” and decomposition proceeds rapidly up to 60”. 
After a short halt there is another sharp increase in the decomposition rate at 75-85”. 
The results were rather variable and inconclusive, but about half of the water was 
lost on drying for 2 hr at 60”. 

The rather variable and non-stoichiometric water content of the precipitate 
renders it unsuitable for the gravimetric determination of beryllium for work of the 
highest precision. However, as reasonably good reproducibility of composition is 
attainable by conditioning at a definite humidity it is considered that the method, 
used empirically, could find application in circumstances where a precision of O-l- 
0.2 % is adequate. The beryllium content of the precipitate conditioned at 32 % R.H. 
is 3.883 %. It should be noted that precipitation conditions in our experiments were 
not quite optimum. From the Be/Co ratios in Table II it may be calculated that only 
99*5-99.8% of the beryllium was precipitated and this is attributed to insufficient 
dilution of the solution after adding the hexamminecobalt(II1) chloride. This point 
will be dealt with in Part II in which a highly precise method for determining beryl- 
lium will be described, based on the determination of the cobalt in the hex- 
amminecobalt(II1) hexacarbonato-oxo-tetraberyllate precipitate. 

Acknowledgements-Our thanks are due to Mr. J. B. Hornsby for experimental assistance in the 
early stages of the investigation, to Mr. H. Swift for carrying out the carbon, hydrogen and 
nitrogen determinations, and to Mr. F. E. Wallwork for translations from the Russian and Rumanian. 

Zusammenfassung-Der beim Zusatz von Hexamminkobalt(III)-chlorid 
zu einer Lijsung von Beryllium in iiberschtissigem Ammoniumcarbonat 
entstehende Niederschlag wurde analysiert und sein Verhalten bei 
verschiedenen Feuchtigkeiten untersucht. Die Zusammensetzung 
entspricht Hexamminkobalt(II1) - hexacarbonato -oxo- tetraberyllat 
[Co(NH,)&[Be40(C0&].xH,0, wie von Sen Gupta vorgeschlagen, 
besser als der Formel von Pirtea 

[Co(NHs)sl[(HzO),Be,(COs)z(oH)~l.3 J&O 
x hangt von der Feuchtigkeit bei der Aufbewahrung ab, es variiert bei 
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relativen Feuchtigkeiten von 32 bis 80% zwischen 10,s und 
11,l. Beim Trocknen im Vakuum iiber wasserfreiem Magnesiumper- 
chlorat oder Phosphorpentoxyd werden 3 Molektile Wasser zurilck- 
gehalten. Die normalerweise gef&llte Verbindung ist vielleicht eine 
Mischunz der von Sen Guvta hereestellten Deka- und Dodekahvdrate. 
Nach Aifbewahrung bei einep definierten Feuchtigkeit und bei 
Gebrauch eines empirischen Faktors kann sich der Niederschlag als 
Wageform bei der Beryllium-bestimmung eignen, wenn die Genauig- 
keitsanspriiche nicht zu streng sind. 

R&urn&-On a analyse le pr6cipite obtenu par addition de chlorure de 
cobaltihexammine a une solution de beryllium dans un ex& de 
carbonate d’ammonium, et 6tudi6 son comportement dam differentes 
conditions d’humiditb. La composition est celledel’hexacarbonate-oxo- 
tetraberyllate de cobaltihexammine [Co(NH.&[BepO(CO,),,),xH~O, 
ainsi que l’a suggere Sen Gupta, plutot que celle de Pirtea 
[Co(NH,),J[(Hs0,)Be,(C0,),(OH),1,3H,0. x depend de l’humidit6 
ambiante, variant entre 10,8 et 11,l pour des humidites relatives 
comprises entre 32 et 80%. Apt-es s6chage sous vide sur perchlorate 
de magnesium anhydre ou sur anhydride phosphorique, 3 molt!cules 
d’eau sont retenues. Le compose normalement pr&pit6 peut &tre un 
melange des d&a- et dod&a.hydrates que Sen Gupta a prepan%. 
Apn?s traitement sous une humidit definie, et par emploi d’un facteur 
empirique, le precipite peut convenir au dosage gravimetrique du 
beryllium, lorsque les exigences quant Zt la precision ne sont pas trop 
grandes. 
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FROM HOMOGENEOUS SOLUTION 
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Burke Chemical Laboratories, McMaster University, Hamilton 

Ontario, Canada 
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Summary-Copper can be precipitated quantitatively, over a wide 
range of pH, by I-hydroxyquinaldine produced from the hydrolysis of 
I-acetoxyquinaldine. The copper %hydroxyquinaldate can be weighed 
as either the monohydrate or the anhydrous dichelate. Differences 
in the appropriate pH conditions, between the PFHS and conventional 
precipitation methods, and between thorium and copper precipitations 
from homogeneous solution, are accounted for. 

ALTHOUGH precipitation from homogeneous solution (PFHS) has been extensively 
investigated and used for about twenty-five years, the generation of organic precipi- 
tants in situ received little attention until three or four years ago. Interest in this 
field is increasing, as a recent survey1 of the literature shows. Since that review, 
studieses3 have revealed advantages, for the precipitation of zinc and of indium, of 
B-acetoxyquinaldine as a source reagent for the precipitant %hydroxyquinaldine. 

A study4 of the precipitation of thorium %hydroxyquinaldate [thorium 2-methyl- 
oxinate, Th(C,,H,ON),] via the hydrolysis of 8-acetoxyquinaldine disclosed a dis- 
advantage of the PFHS method : the pH conditions for the quantitative precipitation 
of the pure chelate can be much more restrictive than in the conventional method. It 
was anticipated that, with regard to the pH conditions for successful precipitation, the 
difference between the conventional and PFHS methods would be much less with 
copper than with thorium. The present work demonstrates that this is so, and that 
copper can be determined with high precision and accuracy through the agency of 
8-acetoxyquinaldine. 

EXPERIMENTAL 
Reagents and procedures 

Copper solution: Copper foil (AnalaR) was dissolved in nitric acid, and the solution was diluted 
with water to a concentration -1-O mg of &/ml. 
procedures recommended by Hammock and Swift.& 

Standardisation was done iodometrically, using 

8-Acetoxyyuinaldine (8-AQD): The sources of, and method of storing, this reagent were the same 
as in an earlier study.4 The infrared spectra (in Nujol) of the commercial and synthesised products 
were the same; in neither was the hydroxyl stretching band at about 3400 cm-l detected. Solutions 
were made by dissolving in 2.0 ml of glacial acetic acid the amount of S-AQD required to give 20% 
or 200% excess of reagent, and diluting with water to 10 ml (100 mg of S-AQD are equivalent to 
158 mg of copper, for the 1:2 chelate). 

All other chemicals were reagent-grade. Weights and volumetric ware were calibrated. The 
thermobalance has been described previously.4 

The pH values of precipitation were determined by measurements on the filtrates at room tem- 
perature; the meter was standardised before use by an appropriate buffer solution, and readings 
of pH > 10 were corrected for sodium-ion error. 

7 1641 
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Precipitation of copper %hydroxyquinaldate 

Twenty-five ml of copper(I1) solution (1 mg/ml) were diluted with water to 225 ml and 10 ml of 
a freshly prepared solution of I-AQD (uide supra) were added. The pH was adjusted using l+-3M 
aqueous ammonia (or, for precipitations at pH values > 10, using 2-5M sodium hydroxide), added 
drop by drop with vigorous stirring. (To allow for drift during precipitation, the pH was brought to 
a value higher than that desired after precipitation: about 0.1 unit higher at pH 5; about 1 unit at 
pH 7.) The solution was warmed for 2 hr at --8O”, filtered (medium porosity frit), and the precipitate 
washed, using for the transferring and washing about 100 ml of hot water. The precipitate was dried 
for 2 hr at 105-110” or for 1 hr at 125-130”, cooled over phosphorus pentoxide, and weighed as 
Cu(C,&ON),. 

RESULTS AND DISCUSSION 

Character and composition of the precipitate 

Precipitation began after some minutes of heating. The delay at pH 5.2 was less 
than half that at pH 4.0: this is a consequence of a sharp increase in the rate of 
hydrolysis of 8-AQD with increasing pH in the range 3-O to 5.5.6 The precipitate 
was distinctly crystalline, consisting of large, well-formed, thin, brown plates that 
were readily washed. 

On being heated at 105-130”, the precipitate became dark green. That this reflects 
the dehydration of Cu(C,,HsON),~H,O was established by the following (all precipi- 
tations at pH 4.5-9.5): weights of the brown product, dried at 60” for 16 hr, corre- 
sponded to quantitative recovery of the copper as the dichelate monohydrate; weights 
of the green product, dried for 2 hr at 105-110” or 1 hr at 125-130”, corresponded to 
quantitative recovery as the anhydrous dichelate; the green compound had a copper 
content (by ignition) of 16.7,x with an average deviation of O-O,% (theoretical, for 
Cu(C,,HsON),, 16.73 %) ; and thermogravimetric curves for precipitates previously 
dried at room temperature for 72 hr showed a break beginning at 102” followed by 
another plateau from about 130” to 230”, the decrease in weight corresponding to the 
loss of the hydrate water. (These temperatures are reasonably close to those found by 
Borrel and Phris,7 and we agree that the oxide level is reached at about 600”.) 

pH Range for quantitative precipitation 

The recommended procedure, even with an excess of reagent of only 20 %, permits 
the quantitative recovery of copper (from solutions of concentration-90 mgof Cu/litre 
or l-4 x 10-3M) as the dichelate, with high precision, over a wide range of pH. Six- 
teen determinations in the pH range 4.5-9-5 had an average deviation, from the 100.0 % 
recovery value, of only O-1 %. 

The pH range for quantitative precipitation can, of course, be extended by increas- 
ing the excess of reagent (Fig. 1). The pH values for both “incipient” and quantitative 
precipitation of a metal chelate depend on several factors, including the concentration 
of any complexing anions in the solution; in spite of such differences, our values 
(pH 3.2 and 4.5 for 20 % excess reagent; pH 2.9 and 3.9 for 200 % excess) are in good 
agreement with other results *s9 obtained using %hydroxyquinaldine directly. 

No work bearing on the upper limit of pH for the quantitative precipitation of 
copper 8-hydroxyquinaldate is known to us. With 20% excess reagent, we found 
that precipitation-calculated as the dichelate-beyond pH 10 began to fall below 
100x, decreasing to 94% at pH 13.9. In this same range, the copper contents of the 
precipitates (dried at 105-130”) rose from 16~7~ % (proper for the anhydrous dichelate) 
to 16*8,%. These results indicate that precipitation beyond pH 10 occurs as an 
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hydroxychelate or a mixture of the normal chelate and hydrous copper axide. More- 
over, more than one kind of experiment showed that (regardless of the composition 
of the precipitate)* at least at and beyond pH K&8, copper was not q~n~tati~ely 
precipitated; this, too, is likely due to hydroxo complexing. 

. 
3.0 4.0 

pH of Precipitation 

5.0 

X%3. 1 .--Precipitation of u3Pper ~-~y~rox~qu~~a~e from ~orn~~~~ solution in 
relation to pH of precipitation and excess of reagent. 

(Capper in original solution = 0.1 mg/ml.) 

Comparison of PFHS and conventional methods 

With 20% excess reagent, precipitation of copper, by this PFHS method ceased 
to be qua~t~ta~~e (lW*O & @I %) as the d~~~~~~~ at pH 10; recovery of copper in 
this form was 99.5 % in the pH range 10-12, thereafter decreasing more sharply with 
increasing pH, to 94% at pH 13.9 as has been mentioned. In contrast, in precipita- 
tions in which 8-hydroxyquinaldine was used directly, but which otherwise were 
comparable, quantitative precipitation of copper as the dichelate was obtained at pH 
values up to 12. 

This wider pH range for successfizl precipitation using the conventional precipita- 
tion method is consistent with what was found with thorium,* although the effect is 
much less pronounced with copper. The differences in the useful pH range of the two 
methods likely arise from the different concentrations of the chelating quinaldate 
anion during adjustment of the pH and the consequences of this, as elaborated in the 
earlier paper* That copper shows this effect in much lesser degree than thorium is to 
be expected, The effect stems from a competition between hydro~yl-ion and chelating 
anion for the metal-ion, and thorium-ion is, of course, relatively very prone to 
hydrolysis. Of the bivalent metal-ions of the first transition period, copper may have 
the widest pH range for successful precipitation of the 8-hydroxyquinaldate, because 
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of the high stability of copper chelates, Another relevant factor, though* is the 
intrinsic solubilitylo of the chelate, and the intrinsic solubilities of these metal chelates 
may differ appreciably, In fact, pronounced differences in the intrinsic solubilities 
of the 8~hydro~yq~nolates of cobalt, copper and zinc have recently been reportedll 
and, moreover, the intrinsic solubilities of these chelates do not follow their stability 
order. 

In any event, copper can be quantitatively precipitated as the 8-hydroxyquinaldate 
over a wide pH range: 6 to 8 or more pH units, de~n~ng on the excess of reagent 
and whether 8-~etoxyquinaldine or 8-hydro~yq~naldine directly is used. 

Acknow!eo$-ement-We gratefully acknowledge financial support from the National Research Council 
of Canada. 

Zu~~~s~n~Kupfer kann quantitativ in einem weiten pH- 
Bereich mit 8-~ydroxych~aldjn gefalh werden, das durch Hydrolyse 
von 8-A~t~~chinald~n erzeugt wird. Das Kupfer-8-hydro~ch~n~ 
aldinat kann entweder ah Monohydrat oder als wasserfreies Dichelat 
gewogen werden. Unterschiede in den geeigneten pH-Werten zwischen 
der F&hung aus homogener Losung und konventionellen FLllungs 
methoden und zwischen Thorium- und Kupferf;illungen aus homo- 
gener Liisung werden berticksichtigt. 

R&sum&-On peut prkipiter q~~tative~nt le cuivre, dans un large 
domaine de pH, au moyen de 8-hydro~yq~naidi~e produite par 
hydroiyse de h 8-acetoxyquinaldine. Le 8hydroxyquinaldi de 
cuivre peut &tre pese a T&at de monohydrate ou de dichelate anhydre. 
On interprete hs differences observees, dans des conditions de pH 
appropriees, entre la methode de precipitation en milieu homogene 
et les mcthodes de precipitation usuelles, et entre les precipitations du 
thorium et du cuivre en milieu homog&e. 
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Summary-A spectrophotometric study of silver(I1) in sulphuric acid 
solution indicates the formation of two sulphato complexes, in the 
range 4-18M HsSOI, with absorbance peak maxima at 361 and 
26O_mp, respectively. In 15M HaSOl the milar absorptivity of silver(I1) 
is 3.11 x lo4 at 361 mu. Kinetic studies of the reduction of silver(H) bv 
the solvent suggest g rate-determining step first order in s&e&$ 
and yield a pseudo first-order rate constant of 1.9 x 10-lmin-l. 
Further studies as a function of H$O& concentration show that the 
specific decomposition rate of the two complexes is identical and that 
changes in H&O., concentration only serve to shift the concentration 
equilibrium between the two complexes. 

INTRODUCTION 

IN a previous paper1 we reported preliminary observations concerning the powerful 

oxidising agent, silver(II), in aqueous solution at low pH values. Silver(I1) was found 
to be complexed even in perchlorate media and to undergo reduction by the solvent 
at rates proportional to the square of the silver(I1) concentration and inversely 
proportional to the silver(I) concentration with an over-all activation energy of 11.6 

kcal. mole-l. 
The present paper describes the results of systematic experiments aimed at eluci- 

dating the nature of silver(I1) in sulphuric acid media and the details of the reduction 
of such species by the solvent. In particular, we were interested in establishing the 
effect of sulphate complexation on the stability of silver(I1) with regard to its decom- 
position to silver(I) to learn whether or not the rate determining step of the over-all 
oxidation-reduction process involves a change in co-ordination number. 

Because of uncertainties in the actual nature of solid silver(II)ox employed as 
starting material in our preliminary experiments, we used an electrolytic generation 
method, similar to that of Davis and Lingane,3 to prepare homogeneous solutions of 
silver(H). Previously unknown data on the nature and optical properties of sulphate- 
silver(I1) complexes are reported in detail. 

Reagents 
EXPERIMENTAL 

All solutions were prepared from reagent-grade materials, except where noted, and used without 
further purification. 

SiZver(ZZ) oxide. AgO of 98-5 % minimum purity was obtained from Handy & Harmon Company, 
New York, U.S.A., and was weighed as needed. 

Silver(l1) sulphate. AgCIO1.HsO (G. F. Smith Chemical Co., Columbus, Ohio, U.S.A.) was 
used to produce silver(I1) sulphate complexes in sulphuric acid media by electrolysis. Best results 
were obtained by making serial dilutions from 0.24OOM AgCIO,.H,O in 15M H,SO, stock solutions 
to a final concentration of 0.0024&f in 15M H,SOI. 

1645 
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Cerilrm(ZV) sulphate. Pipette 10 ml of 0.1021M cerium(IV) sulphate (G. F. Smith Chemical Co.) 
in 05M sulphuric acid solvent and dilute with 15M sulphuric acid solvent to a total volume of 
100 ml. Make further serial dilutions of 5.0 x 1O-8, 1.0 x 1O-J, 5.0 x 10-4, 1.0 x 1O-p, 5.0 x 1O-6, 
and 1.0 x 10-5M in 15M sulphuric acid. 

Cerium(ZZZ) @hate. Weigh 0.3250 g of Ce,(SO&%H,O (G. F. Smith Chemical Co.), dissolve 
in water and dilute with 18M sulphuric acid to a final concentration of 2.04 x lo-*M in 15M 
sulphuric acid. 

Apparatus 

Spectra. Spectra and decomposition curves were recorded using a Beckman Model DB ultra- 
violet-visible spectrophotometer equipped with l.OO-cm matched silica cuvettes. Temperature of 
both the spectrophotometer and electrolysis cells was held at 25.0” & 0.15” by a Wilkins-Anderson 
Co. Lo-Temp Bath system. An E. H. Sargent Model SRL recorder was employed for all absorbance 
measurements. 

Electrolysis. The electrolysis current was provided by a Heathkit Model EUW-17 transistorised 
power supply. The current and voltage were monitored by Simpson Model 269 and 260 meters, 
respectively. A cylindrical platinum gauze cathode, 140 cm by 3.80 cm, and anode, 270 cm by 
5.10 cm, were employed to provide proper cell geometry. The cathode was isolated from the anode 
by a glass cylinder 250 cm by 6.20 cm, closed at the bottom by either an “A” or a “c” sintered glass 
frit. The electrodes, isolation cylinder and electrolysis solution were contained in a thermostatted 
double-walled glass cell. 

Procedure 

Silver(D) in sulphuric acid solution was obtained both by dissolution of silver(D) oxide and 
by electrogeneration at constant current from silver(I). Dissolution was carried out by weighing the 
desired amount of silver(D) oxide into a 125-ml Erlemnever flask and adding 25 ml of suluhuric acid 
solvent. The flask was swirled until all the silver(I1) oxidgwas dissolved and &ectra or decbmposition 
curves were recorded in the usual manner, with correction for initial decomposition time effects 
where necessary. 

Electrolytic production of silver(ZZ) complexes in sulphuric acid. Place 70 ml of silver(I) perchlorate 
in 15M H,SO, into the electrolysis cell and stir vigorously. Adjust the power supply to furnish 
currents of 87-90 mA, which cause the voltage to Ggreate; than ihe minimum l-98* i/heeded with 
the cell used.* After raoid initial moduction of silver(D). a steadv-state concentration of silver(D) 
is reached because the ;ate of sil;er(II) decomposition ‘approachks the electrolysis rate. Because 
silver(I) inhibits the decomposition of silver(D), the steady-state concentration of the latter can be 
adjusted by changing the initial silver(I) concentration. 

Withdraw samples by pipette and record spectra or decomposition curves in the usual manner, 
correcting for the time elapsed during sample withdrawal and transfer. 

Beer’s law was checked for the silver(D) complexes in sulphuric acid by allowing silver(I) to 
oxidise cerium(II1) to cerium(IV) and measuring the absorbance of the stable cerium(IV) complex 
produced. A typical procedure is given for the determination of the molar absorptivity for the 
silver(D)-sulphate complex in 15M sulphuric acid at 361 rnp. Spectra of cerium(IV) sulphate in 
15M sulphuric acid solvent were obtained in the 1.0 x 10-8-1.0 x 10-6M range, yielding l QBO = 
2.36 x 108and eIeO = 3.86 x lo*, respectively. 

Electrolytically generate silver(D)-sulphate complexes from 0.0024M silver(I) perchlorate in 15M 
sulphuric acid. Withdraw aliquots of the electrolysis solution and follow its decomposition as Al 
vs. t, at L = 361 m,~. When suitable absorbance readings are reached, rapidly empty the cuvette into 
a beaker containing 10 ml of 2.04 x 10-sM cerium(II1) sulphate in 15M sulphuric acid, which pro- 
vides a large excess of cerium(II1). After the redox reaction has taken place, record the spectra of the 
stable cerium(IV) complex formed. Record the spectra of silver(I) perchlorate and cerium(II1) 
sulphate in 15M sulphuric acid and of 15M sulphuric acid so that wavelengths can be chosen where 
silver(I1) will not be interfered with by cerium(IV), cerium(III), silver(I) or sulphuric acid. 

Calculate the actual concentrations of silver(B) corresponding to the measured absorbances at 
the appropriate wavelength from the amount of cerium(IV) produced by oxidation of cerium(III) 
by silver(I1). Finally, plot Aa (at 3, = 361 rnp) of the silver(II)-sulphate complex (from decomposition 
curves) vs. the calculated silver(I1) concentration. Beer’s law is obeyed and the molar absorptivity, 
~2, is calculated. 

A further test of the applicability of Beer’s law can be obtained using silver(I1) from silver(D) 
oxide. Weigh 0~0023-0~0100 g of silver(I1) oxide into 125~ml Erlenmeyer flasks. Add 10 ml of 
20 x lo-*M cerium(II1) sulphate in 15M sulphuric acid. When all silver(D) has been reduced to 
silver(I), record the spectra of the cerium(IV) complex produced. Beer’s law plots of Al [cerium(IV) 
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produced] U.S. initial concentration of silver oxide are obtained at I = 460, 440, 420 and 410 m,u, 
all producing excellent straight lines. 

RESULTS AND DISCUSSION 

Spectra of silver(ZZ) as a function of sulphuric acid concentration 

Ultraviolet and visible spectra of an initial concentration of 0.0065 g of silver(II)- 
oxide in 25 ml of sulphuric acid solvent at 25.0” & O-15” suggest that two sulphate 
complexes of silver(H) are predominant in the range 4-18M sulphuric acid. One com- 
plex predominates in lO-18M acid with absorption maxima between 368 and 343 rnp 
(visible complex); the second complex predominates between 4 and 9M acid with 
absorption maxima between 262 and 245 rnp (ultraviolet complex). An isosbestic point, 
occurring in 12 and 18Macid at 3 10 rnp, further confirms the fact that significant concen- 
trations of only two complexes in equilibrium are present in these media. Absorbances, 
at the respective maxima for the two complexes, are equal in 10M sulphuric acid. 

The visible complex appears only as a shoulder between 339 and 332 rnp on 
spectra of the ultraviolet complex in the range 4-9M sulphuric acid. In the range 
O-25-2.5M acid no measurable peak of either complex can be distinguished; undis- 
solved particles of silver(I1) oxide colour the solutions pale grey initially. Between 4 and 
18M sulphuric acid, the solutions initially are brownish-yellow and decompose first 
to pale yellow and then, within a few hours, to water white. The highest absorbance 
for a given silver(I1) concentration is obtained in 15M sulphuric acid at 356 rnp 
and in 5M acid at 250 rnp for the visible and ultraviolet complexes, respectively. 
Spectra of silver(I) perchlorate in sulphuric acid and of sulphuric acid showed no 
interference at the above wavelengths. 

Definite shifts in location of the maxima occur for both complexes and are prob- 
ably the result of several effects. Spectra taken at various times during the silver(I1) 
decomposition process, but at constant sulphuric acid concentration, show small 
(3 m,u or less) wavelength shifts; changes in the acid concentration result in sub- 
stantial changes in peak heights described above. All the above results are summarised 
in Table I. 

Molar absorptivity of silver(ZZ) in sulphuric acid 

Beer’s law was tested for the visible complex of silver(X) sulphate at 15M sul- 
phuric acid at 361 mp. This acid concentration and wavelength correspond to condi- 
tions where the absorbance of the visible complex reaches its maximum value for any 
given silver(I1) concentration. A molar absorptivity of 3.11 x 104; at 361 m,u was 
calculated for the silver(II) complex. No interference by perchlorate could be noted 
in the electrogeneration experiments where silver(I) perchlorate was used as a starting 
material. 

Decomposition kinetics of silver(ZZ) complexes in sulphuric acid media 

The decomposition of silver(II)-sulphate complexes obtained by dissolution of 
0.0050 and O*OlOO g of silver(I1) oxide in 15M sulphuric acid was followed at 356 m,u 
(visible complex), 310 rnp (isosbestic point) and 260 my (ultraviolet complex), 
respectively, at 25.0 & 0.15”. Plots of log absorbance vs. time yielded pseudo first- 
order rate constants of 8.44 x 10-2, 8.79 x 1O-2 and 9.43 x 10-s mm-l, respectively. 
Reliable values are difficult to obtain in such experiments, however, because silver(I1) 
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oxide does not instantly dissolve in these media and rate constants are not obtainable 
from initial slopes. All decomposition experiments were carried out in triplicate. 

Silver(II)-sulphate complexes were also obtained by electrogeneration of @0024&f 
silver(I) perchlorate in 1 S&i sulphuric acid and their decomposition followed at 361 rnp 
at 25.0 f 0*15”. Good straight lines were obtained for the early portions of log 

TABLE I.-SPECTROPHOTOMETRLC DATA FOR SILVER(II)-SULPHATE COMPLEXES 

AS A FUNCTlON OF SULPHURrC ACm CONCENTRATION 

HSO,, Visible complex 
M maximum, A(m& 

Absorbance 
Ultraviolet complex 

maximum, &ra& 
Absorbance 

18 
17.5 

17 

165 

16 
155 
15 

14 

13 

12 
11 
10 

9 

8 
7 

6 
5 

4 

25 
0.5 

O-25 

368 OS57 

368 0293 

364 0.835 
362 0.790 

362 0.436 

363 0905 

356 0.967 

353 0.758 

352 0.874 

346 0.813 

346 0.973 

340 O-659 

339 (shoulder) O-690 
334 (shoulder} 0.468 

334 (shoulder) 0.308 

332 (shoulder) 0.360 

334 (shoulder) 0.486 

334 (shoulder) 0.203 

(360) O-055 

(360) 0,080 

(360) 0.125 

260 

260 
260 
260 

260 

260 
260 
260 

;g 
260 

260 
245 

247 
249 
251 

256 

262 
260 
260 

260 

0.149 
o*oss 

0228 

0.241 
0.128 
0.277 
0.398 

0.309 
0.470 

0543 
0.805 
0557 

0.722 
0568 

0.463 
0585 

OWO 

0,325 
0.115 

O%S 
0~110 

TABLE II.-RATIO OF PSEUDO-RATE CONSTANTS FOR THE 

DECOMPOSITION OF SILVER(II) SULPHATE COMPLEXES 

HzSOa, Ratio of rate &SOP, Ratio of rate 
M constants, K M constants, K 

18 1.078 11 0.993 
17.5 1.145 10 1.011 
17 1.085 9 I.060 

16.5 1.047 8 0.997 

15 0.906 7 0.794 

14 0.911 5 1.016 

13 0.936 4 l@Ol 

12 0.997 

absorbance us. time plots and yielded calculated pseudo first-order rate constants of 
1.98 x 10-l and 1.85 x 10-l min-l for electrolysis currents of 90 mA and values 
of l-85 x 10-l and 1.90 x 10-l min-l at 87 mA. 

In order to establish whether or not the extent of complexation of silver(H) by 
sulphate has any influence on the kinetics of silver(I1) decomposition to silver(I), 
the absorbance vs. time behaviour of the visible and ultraviolet complexes was com- 
pared by a ratio method. For each acid concentration (see Table II) complete spectra 
were recorded at preselected intervals. From these absorbance vs. wavelength scans, 
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absorbance trs. time data for each of the two complexes could be derived and corrected 
for any shifts in location of peak maxima and for decomposition during the time 
required to record each spectrum. A comparison of the specific decomposition 
rates can be obtained from the slopes, m, of the resulting plots as follows: 

A, - A,, 
t 

= ml , for 1, 
11 - h 

A, - A,, 
t 

= m2, for 1, 
21 - t2 

(1) 

A m(n) - An(n+l) = m 

tm(rl,l) - tm(*) 
ny for 1, (3) 

The standard rate expression, with concentration, C, pseudo-rate constant, kl, and 
and reaction order, nl, is 

‘; = kl[@ 

and if n1 = 1, then 

z = kl[C] (5) 

Substituting absorbance for concentration with Al - All = AAl-11, A2 - A.21 = 
AA ‘L-213 * * * A m(n) - Am(n+lj and tll - tl = Atll_,, t21 - t2 = At,l-2, . . . tmcn+l) - 
t mcnl, then combining (3) with (5) 

AAd*bmb+l) = k,lA 

kl(n+l)-m(n) 
m(n+l) 

Divide kll by k,l and let At,,_, = At,,_,, then 

(6) 

where K is the ratio of rate constants. 
In the system under present consideration, it is experimentally observed that in 

the ranges of 4-18M sulphuric acid at constant initial silver(I1) oxide concentration, 
K, the ratio of pseudo-rate constants, is a constant. Furthermore, the ratio of the 
pseudo-rate constants for the decomposition of the visible and ultraviolet silver(II)- 
sulphate complexes is 1400 f 0.015 (see Table II). Because the relative concentrations 
of the two complexes vary widely over the range of acid concentrations studied, one 
can conclude from the fact that the ratio of rate constants is a constant, that the rate 
determining step in the silver(I1) decomposition is independent of both sulphate and 



1650 G. A. R~CHNITZ and S. B. ZAMOCXNICK 

hydrogen ion concentrations. Also, the decomposition reaction must indeed be 
pseudo first-order, in the range studied, in order to yield a rate constant ratio of unity. 

Acknowledgement-This investigation was supported, in part, by the Laboratory for Research on 
the Structure of Matter, University of Pennsylvania. 

Zusannnenfassung-Eine spektralphotometrische Untersuchung von 
Silber(I1) in schwefelsaurer Lbsung zeigt die Bildung zweier Sulfato- 
komplexe im Bereich von 8-36n I&SO; mit Absor$onsmaxima bei 
361 rnb und 260 mu. In 30n H,SOI ist der molare Extinktionskoeffi- 
zient van Silber(I1) 3,ll x 10’ bei 361 rnp. Kinetische Untersuchungen 
der Reduktion von Silber(I1) durch das Losungsmittel deuten auf 
einen geschwindigkeitsbestimmenden Schritt erster Ordnung beziiglich 
Silber(II) und liefem eine scheinbare Geschwindigkeitskonstante erster 
Ordnung von 1,9 x 10-l min’l. Weitere Untersuchungen, bei denen 
die HaSOI-Konzentration variiert wurde, zeigen, da0 die spezitische 
Zersetzungsgeschwindigkeit der beiden Komplexe gleich ist und 
Anderungen in der H,SO,-Konzentration nur das Konzentrations- 
gleichgewicht zwischen den beiden Komplexen verschieben. 

R&m&-Une etude spectrophotometrique de l’argent (II) dans l’acide 
sulfurique montre, dans le domaine S-36N en SOdHa, la formation de 
deux complexes sulfato, avec des pits d’absorption maximale B 361 
et 260 rnp respectivement. En SOIHa 3ON, l’absorption molaire de 
l’argent (II) est de 3,ll x lw a 361 m,u. Des etudes cinetiques sur la 
reduction de l’argent (II) par le solvant suggerent un stade determinant 
la vitesse d’ordre un en argent (II), et donnent une constante de vitesse 
d’ordre pseudo-un de 1,9 x 10-l min-I. Des etudes ulterieures en 
fonction de la concentration en SO,H, montrent que la vitesse specifique 
de decomposition est identique pour les deux complexes et que les 
variations dans la concentration de SOIHl servent seulement a deplacer 
l’equilibre de concentration entre les deux complexes. 
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PHOTOMETRIC TITRATIONS-X* 

THE EDTA TITRATION OF IRON(II1) IN THE PRESENCE OF HIGH 
CONCENTRATIONS OF BISMUTH 

H. FLASCHKA and J. GARRETT 
School of Chemistry, Georgia Institute of Technology 

Atlanta, Georgia, U.S.A. 

(Received 15 September 1964. Accepted 25 September 1964) 

Summary-In solutions containing a high concentration of ammonium 
chloride, bismuth is masked as the chloro complex, and iron(II1) can 
be titrated with EDTA to a photometric end-point using sulphosalicylic 
acid as the indicator. Up to a mole ratio Bi: Fe of about 2,000, good 
results are obtained. At higher ratios slightly high results are obtained 
for the iron. The influence of some other metal ions on the titration 
has been studied. 

THE direct chelometric titration of bismuth when present as the chloride is usually 
difficult, because of the formation of the insoluble oxychloride. It is known that high 
chloride concentrations prevent the formation of the oxychloride, or redissolve it 
once it has formed, provided that the pH is lower than about 3. It was thought that 
addition of high concentrations of chloride might offer a possibility for the direct 
titration of bismuth because, in such a solution, no precipitate would form. However, 
under these conditions bismuth gave only a faint colour or no colour at all with several 
metal indicators tried, and the rate of reaction of bismuth with EDTA was, from all 
indications, slow. These experimental findings suggested the possibility of using 
chloride for the “low stability masking” of bismuth. Masking by complex formation 
is commonly accomplished by employing low concentrations of complexing agents 
which form fairly stable complexes. However, a few cases are known where high 
concentrations of complexing agents which form weak complexes are employed. 
Notable examples are the masking of thorium with sulphatel and, recently, of cad- 
mium with iodide.2 Thus the term “low stability masking” was coined,3 and 
investigations indicated that this approach offers further interesting possibilities. 

To test this idea an attempt was made to titrate iron in the presence of bismuth, 
masking the latter by chloride. The stabilities of the EDTA complexes of iron and 
bismuth are of nearly the same order. Consequently the metals mutually interfere in 
titration. Although it is not difficult to titrate bismuth in the presence of iron when 
the latter is masked by reduction to iron(I1) with ascorbic acid, the determination of 
iron in the presence of bismuth is possible only by difference methods. The sum 
iron + bismuth is titrated in one aliquot and the bismuth is titrated in a second 
aliquot, after the iron is masked by reduction; the iron is obtained by difference. 
This procedure yields good results for iron only if the Bi : Fe ratio is close to or below 
unity. With bismuth present in increasing excess, the results for iron rapidly become 
less accurate. 

* Part IX: Tuhtu, 1964, 11, 1067. 
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Sulphosalicylic acid was employed as the indicator for the titration of iron at 
pH 2-3. Preliminary experiments revealed that the colour of the iron-sulphosalicylic 
acid complex is discharged only slowly after the addition of excess EDTA, when 
the amount of ammonium chloride added is not higher than that required to re- 
dissolve the bismuth oxychloride initially formed. But with the solution nearly 
saturated with ammonium chloride, the colour disappeares rapidly and with seem- 
ingly equivalent amounts of EDTA. However, the disappearance of the red colour 
at the end-point was only gradual, especially with a large excess of bismuth present. 
Thus, in this particular case, no visual end-point could be obtained and a photometric 
titration was used. 

EXPERIMENTAL 
Apparatus 

The phototitrator described by Flaschka and Sawyer6 was employed with a heat filter mounted 
in the light path.B An interference tilter with the nominal wavelength of 508 m,u was used. All 
titrations were performed in a glass cell with a 2-cm path length and a 200~ml capacity. 

Reagents 

All solutions were prepared from reagent-grade materials. Deionised water was used exclusively. 
An approximately @lM EDTA solution was prepared by dissolving 37 g of the disodium salt 

dihydrate and making the volume to 1 litre. 
An approximately O*lM iron solution was prepared by dissolving 40 g of iron(II1) nitrate in 

1 litre. 
A 0.6M bismuth solution was prepared by dissolving 290 g of bismuth nitrate in water to which 

several ml of concentrated nitric acid had been added, and diluting to 1 litre. 
The EDTA solution was standardised against O~lt%OOM zinc &ution which had been prepared 

by dissolving 6538 g of zinc metal (99.99% purity) in the minimum amount of dilute nitric acid, 
and diluting to 1 litre. The standardisation was performed by titration at pH 5, using Xylenol 
Orange as indicator. This EDTA solution was used as the reference. in the standardisation of the 
iron(fi1) solution, using sulphosalicylic acid as indicator at pH 2-3 in a photometric titration. 
Appropriate dilutions of the stock solutions were performed in order to obtain O.OlM iron and 
EDTA solutions. 

Ammonium chloride was used as the solid and as a saturated aqueous solution. 
The indicator solution was prepared by dissolving 1 g of sulphosalicylic acid in 10 ml of water. 

Procedure 

An accurately measured amount of the metal ion solution was transferred to the titration cell 
and enough hot water was added to make the solution volume 75-100 ml. Then 20-30 g of solid 
ammonium chloride were added in 5-g portions, with vigorous stirring, until no more solid was 
observed to dissolve readily. The remaining solid was dissolved by adding small amounts of hot 
water, and the solution volume was then brought to about 150 ml with a saturated ammonium 
chloride solution. The solution was cooled to room temperature, and the pH was adjusted to 
between 2 and 3 by dropwise addition of dilute sodium hydroxide, with vigorous stirring to minimise 
the local precipitation of bismuth salts. The cell was positioned in the phototitrator, which was 
then adjusted to indicate a transmittance of 85-90%. Finally, 4-5 drops of indicator were added 
and the titration was carried out at 508 rnp in the usual manner, with O.Ol-O.lM EDTA. 

RESULTS AND DISCUSSION 

The results of several titrations of iron(III), alone and in the presence of bismuth 
and other metals, are presented in Table I. Using the procedure presented above, 
solutions with a molar ratio of Bi : Fe of 2,100 were titrated, and showed the precision 
and accuracy to be expected with the apparatus and technique employed. When 
the ratio was increased to 3,000 and slightly above, a tendency towards increasing 
positive errors was observed. Impurities of iron or other titratable metals in the 
bismuth salt may be responsible for this trend, but it is more likely that at this high 
ratio some bismuth is also titrated. 
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TABLE I.--REPRESENTATIVE RESULTS FOR THE EDTA TITRATION OF IRON 
IN THE PRESENCE OF BISMUTH AND SOME OTHER METAL IONS 

Fe taken, _ 
1.14 x lo-‘M EDTA, ml 

mg 
Metal (M) added 

Molar ratio 

Calculated Found Difference 
M:Fe 

5.70 0.89 0.89 
5.70 0.89 0.88 
5.70 O-89 0.89 
5.70 0.89 0.87 
5.70 0.89 0.88 
5.70 0.89 087 
5.70 0.89 0.89 
5.70 0.89 0.90 

OGO - - 
-0.01 - - 

0.00 Bi 2 
-0.02 Bi 2 
-0.01 Bi 50 
-0.02 Bi 100 

0.00 Bi 210 
+0.01 Bi 420 

5.70 x 10-Bkf EDTA, ml 

285 0.89 090 +0.01 Bi 1050 

1.14 x IO-*MEDTA, mI 

1.14 1.79 1.79 0.00 - 

1.14 1.79 1.79 O+lO Bi 2100 
1.14 1.79 1.80 1-0.01 Bi 2090 
1.14 1.79 1.87 +0*08 Bi 3140 
1.14 1.79 1.86 +0.07 Bi 3140 

1.00 x lo-*MEDTA, ml 

1.23 2.20 2.20 
1.14 2.05 2.08 
1.14 2.05 2.14 
1.14 2.05 2.47 
1.14 2.05 2.04 
1.14 2.05 204 
1.14 2.05 2.04 
1.14 2.05 2.05 
1.14 205 2.05 
1.14 205 2.04 
l-14 2.05 2.06 
1.14 205 2.06 
1.14 2.05 2.06 
1.14 2.05 2.05 

+0.09 
+0.42 
-0.01 
-0.01 
-0.01 

0.00 
0.00 

-0.01 
$0.01 
+0.01 
+0.01 

0.00 

Bi 1570 
Bi 1450 
Al 9 
Al 9 
Zn 25 
Ca 25 
Pb 25 
Pb 125 
co 50 
co 250 
H&II) 500 
In 1 
In 10 
Mn 125 

The rate of fading of the colour of the iron-sulphosalicylic acid complex upon the 
addition of an increment of titrant solution decreases considerably for Bi: Fe ratios 
above 1,000, and it becomes necessary to wait 45 min for the reaction to go to virtual 
completion after each addition of titrant. However because only a few points are re- 
quired for locating the end-point graphically, this delay is not too serious. A reason- 
able explanation for the delayed reaction may be suggested. As the EDTA is added 
to the solution containing such a high concentration of bismuth, complex formation 
first occurs with that metal; then the iron exchanges with the bismuth, and this 
exchange reaction takes place slowly. 

A mole ratio, Bi: Fe, of 3,000 is equivalent to a weight ratio of approximately 
11,200. Thus the situation in the artificial solutions parallels the determination of 
about 0.01% of Fe in a bismuth metal sample of which 12 g were taken. The deter- 
minations at this ratio were precise to about 4% relative. At these levels of amounts 
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and ratios, the success of a titrimetric determination is rather unusual. It must, of 
course, be considered that in an actual analysis less favourable results may be obtained 
because of the presence of interfering impurities. 

For the titration of iron at the high Bi : Fe ratios it is necessary to obtain the maxi- 
mum amount of dissolved chloride. In order to incorporate as much ammonium 
chloride as possible, it is helpful to warm the saturated ammonium chloride solution 
in contact with excess solid salt, before using it to raise the volume of the solution 
in the titration cell to 150 ml. 

Predictions about elements that may interfere with the iron titration may be 
made cautiously from a comparison of the stability constants, and from knowledge 
of the situation in the absence of extreme chloride concentrations. Because 
iron(II1) is known to form chloro complexes, the effective stability constant of the 
iron(III)-EDTA complex may be lowered to such an extent that the metals which 
are of no influence under normal conditions may interfere at high chloride concen- 
trations. Several metals were added in order to see if there was a noticeable effect 
on the position and quality of the end-point. No effects were observed with calcium, 
magnesium, mercury, indium, lead, manganese or zinc in solutions containing the 
ratios of metal : Fe indicated in Table I. No attempt was made to establish limiting 
ratios. Cobalt slowed the rate of reaction considerably at a ratio of 250. Nickel and 
copper could only be tolerated in concentrations up to about that of iron(II1). As 
expected, aluminium interfered and high results were obtained, implying that this 
metal is partially titrated. Zirconium and hafnium were fully titrated under these 
conditions. Gallium, in contrast to indium, was not completely masked by the 
chloride and high results for iron were obtained at a ratio Ga: Fe as low as 1. 
Titanium slowed the reaction between iron and EDTA to such an extent that the 
titration became impracticable, even with equal concentrations of titanium and iron. 

The interference studies reported are only exploratory in nature, because the main 
concern of the present investigation was masking of bismuth and the determination 
of iron. A study of the application of low stability masking with chloride, and of 
the exclusion of some interfering metals by addition of further masking agents is 
under way on a broader basis, and any results of interest will be published at a later 
date. 

Acknowledgement-The presented work was conducted under a grant of the National Science 
Foundation, Washington, D.C. This aid is most gratefully appreciated. 

Zusammenfaasung-In Liisungen, die hohe Konzentrationen an 
Ammoniumchlorid enthalten, wird Wismut als Chlorokomplex 
maskiert; Eisen(II1) karm dann mit AeDTE gegen Sulfosalicylslure 
als Indicator photometrisch titriert werden. Bis zu einem Molver- 
hlltnis Bi/Fe von etwa 2000 werden gute Resultate erhalten. Bei 
htiheren Verhlltnissen ergeben sich leichte uberwerte. Der Eintluss 
einiger anderer Metal1 wird studiert. 

R&sum&-Dans les solutions a forte concentration en chlorure d’ 
ammonium, le bismuth est dissimule a l’etat de chloro-complexe, et 
l’on peut doser le fer (III) au moyen d’EDTA, avec virage final photo- 
metrique, en utilisant comme indicateur l’acide sulfosalicylique. On 
obtient de bons resultats jusqu’ii un rapport molairc Bi/Fe de 2000 
environ. Pour des rapports plus grands, on obtient, pour le fer, des 
resultats legerement trop eleves. On etudie l’influence de quelques 
autres ions metalliques sur le dosage. 
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Summary_-The reaction of quadrivalent osmium and iridium with 
antipyrine and some of its derivatives has been studied, and it has been 
shown that in acidic solutions the compounds (R.H),MeX, are 
formed. The extraction of the halide complexes of osmium, iridium, 
ruthenium, rhodium, platinum and palladium with diantipyrylpropyl- 
methane by dichloroethane has been investigated. An extraction- 
photometric method is proposed for determining 2-20 &ml of osmium 
in the presence of 40 mg of ruthenium and for determining 4-40 /Ag/ml 
of iridium in the presence of 4 mg of rhodium. The error of the 
determination is &lo%. A gravimetric method is proposed for 
determining 5-13 mg of osmium and iridium with diantipyrylpropyl- 
methane and diantipyrylmethane. The error of the determination is 
5 3 %. The possibility is shown of the extractive separation of small 
amounts of iridium and rhodium, platinum and rhodium, and palla- 
dium and rhodium, using diantipyrylpropylmethane. 

THE platinum metals form stable complex anions with a number of monodentate 
inorganic ligands. During the analysis of the platinum metals, they frequently pass 
into solution in the form of anionic chloride and bromide complexes: Merv&e- 
and MerrXJ2-. where X is Cl- or Br- and Me is a platinum metal. These anions 
form compounds with many organic bases. Some of the organic bases (strychnine,l-3 
brucine,* acridine,5T6 tetraphenylarsonium chloride ,‘-‘O fatty amineP5), and tributyl 
phosphate, 11-14 have been used for the gravimetric and photometric determination 
or extractive separation of the platinum metals. 

We have made a detailed study of the reaction of the halide complexes of the 
platinum metals with antipyrine and its derivatives (diantipyrylmethane, diantipyryl- 
propylmethane and diantipyrylphenylmethane) in order to develop new and improved 
analytical methods for the determination and separation of the platinum metals. 
These reagents are widely used in analytical chemistry at the present time. In acid 
solutions they are present in the form of cations, and these react with the anionic 
metal complexes : 

[Me”‘XJ(m-n) + (m + n)RH+ + (RH)(,_,,[MemX,] (1) 

It was found that quadrivalent osmium, iridium and platinum, and also bivalent 
platinum and palladium, are precipitated from hydrochloric acid solutions (O-5-2M) 
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and hydrobromic acid solutions by antipyrine, diantipyrylmethane, diantipyryl- 
propylmethane and diantipyrylphenylmethane. The compounds formed possess 
valuable analytical properties-a high molecular weight, low water solubility, the 
capacity for being extracted with organic solvents, a characteristic coloration, etc. 
We have used these properties to develop extraction-photometric and gravimetric 
methods for the determination of osmium and iridium and for the extractive separa- 
tion of rhodium from platinum, palladium and iridium. 

Reagents 
EXPERIMENTAL 

Osmium, ruthenium, iridium and platinum were used in the form of the following salts: 
(NH,),OsCl,, (NH,),OsBr,;le (NH,),RuOHC~~;~’ (NH4),RuOHBr,;18 (NHJJrCI,;lB (NH,),IrBr(l;eO 
(NH&BPtCle;*l (NH,)lPtBra.BB 

The content of metal in the products was determined by calcining a weighed sample in a current 
of hydrogen (in air in the case of the platinum preparation) to constant weight of metallic osmium, 
ruthenium, iridium or platinum. Standard solutions were prepared by dissolving weighed amounts 
of the salts. 

The hydrochloric and hydrobromic acid solutions of the rhodium and palladium salts were pre- 
pared from metallic rhodium and palladium by known methods.2S-e6 The contents of rhodium and 
palladium in the prepared solutions were determined gravimetrically by means of thionalide*E and 
dimethylglyoxime,*’ respectively. 

The antipyrine was a commercial preparation with a melting point of 113+114*5”. The 
diantipyryhnethane,aB diantipyrylpropylmethanea@ and diantipyrylphenylmethaneSO were synthesised 
from antipyrine by condensing it with the corresponding aldehydes. The materials obtained were 
purified by recrystallisation from ethanol. 

Preparation and Composition of Compounds of Osmium(IV) and Zridium(IV) 
with Antipyrine and Its Derivatives 

When acidic solutions of (NH,),OsCl,, (NH&OsBr,, (NHJJrCl, or (NH&JrBr, 
and of the various antipyrine derivatives were mixed, curdy precipitates of low 
water-solubility immediately separated. To study the composition and properties 
of these precipitates, they were obtained in a pure state by the following 
method. 

A hydrochloric (or hydrobromic) acid solution, containing 20-30 mg of osmium or iridium in the 
form of (NH&OsCI,, (NH&OsBr,,, (NH~JrCl, or (NH,,),IrBr,, was treated with 5-8 ml of a 2% 
solution of diantipyrylmethane, diantipyrylpropyhnethane or diantipyrylphenylmethane in acetic acid 
(1: l).* The curdy precipitates which separated were filtered off and washed three or four times 
with water acidified with hydrochloric acid (or hydrobromic acid) and then three or four times with 
water alone. 

The materials obtained were purified by recrystallisation from a 1: 1 mixture of methanol and 
acetone and were analysed for their contents of osmium and iridium by calcining a weighed sample 
in a current of hydrogen to constant weight of metallic osmium or iridium. 

Table I gives the formulae of the compounds (from the results of chemical 
analysis) and also some of their properties. 

To elucidate the structure of the compounds, their infrared spectra were recorded 
in the crystalline state. The spectra were taken on a KS-14 spectrophotometer in 
Nujol over the frequency range 4000-700 cm-l. 

As can be seen from Table II (Fig. l), the band of carbonyl absorption at 1650-I 660 
cm-l, present in antipyrine, diantipyrylmethane and diantipyrylpropylmethane, 

* Because of their high solubility in water, the compounds with antipyrine were isqlated by adding 
dry antipyrine to a solution of the osmium or iridium salt. 
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TABLE I.--&MPOS~ON AND PROPERTM OF THE co~po~~~~s OF OSMIUM (IV) 
AND IRIDIUM (IV) WITH ANTPYIUNE AND ITS DERIVATIVES OBTAINELI 

Colour and 
form of 
crystals 

Yellow 

Solubility in 05M HCl, 
E moles~l. 

Very soluble 
10600 10.7 x 10-S 
8000 3.5 x 10-b 

1.8 x 1O-5 

@lXMUW08~Br~ 

) Darkred ) g ) g 

Very soluble 
GsH&N4~W,0s% 3.7 x 10-S 
@2dWbJ%H),OsBr, r 

Dark red 

Very soluble 
14.2 x 1O-5 
3.8 x 10-z 
1-l x IO-5 

ZI C1lH,,ON,-antipyrine; C,,H,,O,N,-diantipyrylmethane; C,,H,,O,N,-diantipyrylpropyl- 
methane; C,,H,,O,N,-diantipyryylphenylmethane. 

TABLE II.-FREQUENCIES OF THE VIBRATIONS OF SOME OROUPS OF 
ANTIPYRINE, ITS DERIVATIVES AND THEIR SALTS 

Compound 
C=o 

Frequency of bond, cm-l 

c--c HO- CS. . . m 

GHdM% 

C,,H,,O,N,*HCl 

(CIJH,,OIN,~H),OsSr, 
(C,,H,,O,N.,~H),OsCl, 

CAJ-L40,N4~H),IrBr8 
C,,&,O,N, 
C2JL02N,~H),0sBr, 

1662 1586 
- 2573 

1593 

- 1576 

1616 
1656 1592 

1620 
- 1590 

1605 
- 1584 
- 1597 

1596 

165871650 1588 1595 
- 1610 

1598 
- 1584 
- 1596 

1582 

- 
3560m 
3470s 
3226s 
3470m 
3070s 

- 

- 
2452s 

183Om 
- 

- 
- - 

3058s 2205s 

3370w 
3oOOw 
3450w 
3470s 
3280~ 

- 

3480~ 

3470w 

2240w 

2470~ 

- 
2400w 

- 

2400w 

m = medium-intensity, s = strong, w = weak. 
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disappears and bands of comparatively low intensity appear in the region of 1500- 

1560 cm-l. In the region of absorption of the O-H and G-H groups, broad 
intense bands appear (3500-3000 cm-l), the intensity of these bands in the antipyrine 

Frequency. cm-l 

FIG. 1 .-Infrared spectra of compounds in the crystalline state (in Nujol) : 
1. antipyrine, 4. diantipyrylmethane, 
2. antipyrine hexachloro-osmate, 5. diantipyrylmethane hydrochloride. 
3. antipyrine hexabromo-osmate, 

complexes being considerably higher than in the diantipyrylmethane and dianti- 

pyrylpropylmethane complexes. A number of the spectra are characterised by 
intense absorption in the region of 3500-1800 cm-l. 

The assignment of the absorption bands, in the complexes investigated, in the 
+ 

region of 3500-3000 cm-l to the stretching vibrations of the N-H bond does not 
agree with the behaviour of the carbonyl band. In fact, the interaction of the protons 
with the N, or N, nitrogen atoms must lead to a displacement of the C=O band to 
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the high-frequency region, i.e., under these conditions, the conjugation of the C=O 
bond with the unshared pair of electrons of the nitrogen atom will decrease and their 
electronegativity will increase.31 

Thus, the appearance of bands in the region of 3500-3000 cm-l in compounds of 
antipyrine and its derivatives with acids is connected with the addition of a proton 
to the carbonyl oxygen atom with subsequent opening of the carbonyl bond and 
formation of a hydroxyl group, which leads to the formation of onium salts of types 
I and Ia. 

- I-W CH,- 
\ / 

N-C 

C H -N’ 6 6 :T ‘CH ._,j 

\ 

CL' 
I 

OH _ 
I 

X-(+MeIVX,*-) 

-I 

KC CHs H&2 CH, - 
\ / \ / 

N-C R C-N 

Ia 

However, the appearance in the spectra of the compounds studied (Fig. 1, Table II) 
of absorption bands in the region of 2500-1800 cm-l evidently shows an interaction 
of the antipyrine cation with the anions not only through electrostatic forces but 
also as a consequence of the formation of hydrogen bonds: 

>C-0-H. * * X (H,MeX,) + >C=O * * - HX (H,MeXJ. 

The bands in the region of 1500-1560 cm-l are apparently connected with the 
absorption of the strongly polarised C--O bond in the complexes 

>CllIO.. . HX (H,MeX,). 

The considerably increased intensity of the hydroxyl absorption bands in the 
compounds of diantipyrylmethane and diantipyrylpropylmethane with osmium(IV) 
and iridium(W) is probably connected with the formation of strong intramolecular 
hydrogen bonds between one proton and two carbonyl oxygen atoms (see formula 
II below). This is in agreement with the aromatic nature of antipyrine. In actual 
fact, in the formation of complex II (see below), the proton evidently adds first to one 
of the two carbonyl oxygen atoms in the diantipyrylmethane (or diantipyrylpropyl- 
methane) with subsequent formation of a strong intramolecular hydrogen bond in 
which the proton is attached to the two carbonyl oxygen atoms to the same extent. 
The intensity of the absorption of such hydroxyl groups is particularly strongly 
reduced.32 

The results obtained on the structure of the compounds of antipyrine and its 
derivatives with quadrivalent osmium and iridium are in good agreement with the 
fact that in all of the compounds formed in an acidic medium antipyrine and its 
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JW CHJ HJC CHS 
\ / \ / 

N-C R C-N 1 
C H -N’ 

6 5 
+‘I ‘C&-C’ (&) ’ 

\ ‘-.’ 
._. C-CBHs X-($Me’“X,2-) 

/ 
‘C 

‘\,/ 

A b 
I_________.___ H_-_-__________, 

II 

derivatives participate as singly charged cations (see I above). This fact is difficult to 
explain if the basicity of antipyrine and its derivatives is connected with the basicity 
of the heterocyclic nitrogen atoms. In actual fact, in the case of antipyrine, the for- 
mation of a singly charged cation can be connected formally with a weakening of the 
basic properties of the nitrogen present in the a-position to the C==O group. In the 
case of diantipyrylmethane, diantipyrylpropylmethane and other derivatives having 
two nitrogen atoms of equivalent basicity in the molecule, however, it is difficult to 
see why protonation takes place only in respect of one of them. 

Thus, the compounds of antipyrine and its derivatives that have been obtained 
with quadrivalent osmium and iridium are, in the crystalline state, salts of the cations 
of antipyrine, diantipyrylmethane and diantipyrylpropylmethane with the anions 
OSC~,~-, 0sBrS2-, IrCle2- and IrBrG2-. The formation of these compounds may be 
expressed by the equation: 

2R + MelVX,r” + 2H+ + (R*H),Me&. 

Solubility of Compounds of Osmium(IV) and Iridium(ZV) with Antipyrine and Its 
Derivatives in Aqueous Solution 

The hexachloro- and hexabromo-osmates and the hexachloro- and hexabromo- 
iridates of diantipyrylmethane, diantipyrylpropylmethane and diantipyrylphenyl- 
methane are sparingly soluble in water, but readily soluble in certain organic solvents- 
dichloroethane and chloroform. The compounds of osmium(N) and iridium(IV) 
with antipyrine, on the other hand, are readily soluble in water and sparingly soluble 
in organic solvents. As a rule, the bromine-containing complexes are less soluble in 
water than the corresponding chlorine-containing complexes (see Table I). 

The influence of the concentrations of the acid, the reagent and alkali-metal 
chlorides on the solubility of diantipyrylpropylmethane hexachloro-osmate and 
-iridate and of diantipyrylmethane hexabromo-osmate has been studied. The 
procedure used was as follows. 

A freshly produced precipitate, carefully washed with water, was placed in a bottle containing 
50 ml of hydrochloric acid (or hydrobromic acid) of the appropriate concentration and shaken in a 
thermostat at 25” for 2-3 hr (it was established by preliminary experiments that this time was 
sufficient for saturation). The resulting saturated solution was rapidly filtered through filter paper, 
the first portion of the filtrate being rejected. The content of metal in an aliquot of the clear filtrate 
was determined: osmium with thiourea** or with diantipyrylpropylmethane (for the method, see 
below), and iridium with diantipyrylpropyhnethane (for the method, see below). 

The results obtained are given in Figs. 2-4. In the presence of sodium chloride, 
the solubility of the iridium compound diminishes somewhat; the solubility of the 
osmium compound remains practically unchanged. 
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0 5 IO 15 20x10-5 

DAPM, mole/l 

FIG. 2.-Influence on the solubility of (C,,H,,O,N,I-I),OsCI, of the concentration of 
hydrochloric acid and diantipyrylpropylmethane (DAPM). 

0 

g” 
p I5 

d IO 

5 

0 
5 IO I5 20rlO‘5 

DAPM, mok/l 

FIG. 3.-Influence on the solubihty of (C,6H,0,N,*H)&Cl, of the concentration of 
hydrochloric acid and diantipyrylpropyhnethane (DAPM). 

D 5 10 I5 20110-5 

DAM. mole/l 

FIG. 4.-Influence on the solubility of (C,,H,,O,N,.I-I),OsBr, of the concentration of 
hydrobromic acid and diantipyryhnethane (DAN). 

Extractability of Osmium and Iridium, and also of Platinum, Palladium, Ruthenium 
and Rhodium with Dichloroethane in Presence of Diantipyrylpropylmethane 

In the presence of diantipyrylpropylmethane, quadrivalent osmium, iridium, 
platinum and ruthenium, and also bivalent palladium, are well extracted by dichlo- 
roethane from hydrochloric and hydrobromic acid solutions. 

Tervalent ruthenium, rhodium and iridium are extracted considerably less well. 
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TABLE III.-EXTRACTABILITY OF CHLORIDES OF COMPLEXES OF PLATINUM, PALLADIUM, 

IRIDIUM AND RHODIUM FROM HYDROCHLORIC ACID SOLUTIONS (1M) WITH 

DICHLOROETHANE IN PRESENCE OF DIANTIPYRYLPROPYLMETHANEB 

Metal 
Metal 

taken, mg 

Metal found, mg 

Aqueous Organic 
phase phase 

Percentage Distribution 
extraction, coefficient, 

E Db 

Pt’v 5.28 0.01 5.30 99.8 - 
6.60 0.01 660 99.8 - 
7.92 0.01 8.00 99.8 - 

Pdrr 3.12 0.02 3.11 99.2 - 
6.24 0.05 6.15 99.2 - 
4.68 0.03 4.70 994 - 

IrTV 1.31 0.02 1.29 98.5 129 
5.24 0.08 5.15 98.5 132 
7.86 0.12 7.85 98.6 125 

Rhrn 5.11 0.45 0.78 15.3 0.35 
IO.23 8.80 2.50 14.7 0.34 
10.23 8.80 1.54 15.0 0.35 

& Extraction carried out with 10 ml of a 1 ‘A solution of diantipyrylpropylmethane in dichloro- 
ethane. Contents of platinum, palladium, iridium and rhodium in each of the phases determined by 
means of tin(I1) chloride.s4-s7 

b D = m&ml of metal in organic phase 
mg/ml of metal in aqueous phase * 

The greatest difference in extractability is found with hydrochloric acid solutions. 
Thus, the extractability of osmium is 94-96 %, of iridium 98.5 %, of platinum > 99 %, 
of palladium > 99x, of ruthenium(W) 96*5x, of ruthenium(II1) 1.5% and of 
rhodium(II1) 15 ‘A, in extraction from solutions IM with respect to hydrochloric 
acid by a 1% solution of the reagent in dichloroethane (Tables III and IV). 

The extractability of the platinum metals depends on the acidity of the aqueous 
solution and on the excess of reagent. 

A 6- to IO-fold excess of diantipyrylpropylmethane is sufficient for the complete 
extraction of osmium(IV), iridium(N), platinum(IV) and palladium(I1) (Fig. 5; the 
study was carried out spectrophotometrically from the optical density of the extracts). 

TABLE IV.-EXTRACTABILITY OF CHLORIDES OF COMPLEXES OF RUTHENIUM 

AND OSMIUM FROM HYDROCHLORIC ACID SOLUTIONS (1M) WITH 

DICHLOROETHANE IN PRESENCE OF DIANTIPYRYLPROPYLMETNE& 

Concentration of 
reagent 

solution, ‘A 

Percentage extraction, E 

RuIV (64 pg/ml) Rum (3.15 mg/ml) Osrv (8 ,ug/ml) 

0.1 33.8 0.4 96.28 
0.2 41.0 0.6 94.9 
1.0 80.6 1.3 - 
2.0 93.5 2.8 - 
3.0 95.0 3.6 - 
4.0 96.5 5.6 - 

8 Extraction carried out with 10 ml of a solution of the given concentration of the reagent in 
dichloroethane (volume of aqueous phase: 20 ml). Extraction of osmium and ruthenium studied by 
means of the radioactive isotopes lslOs and losRu + rasRh. 
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Ruthenium(N) requires a 150-fold excess of the reagent (Table IV). The per- 
centage extraction of tervalent ruthenium and of rhodium, even with a large excess 
of diantipyrylpropylmethane, did not exceed 6 % ‘and 15 %, respectively (Tables IV 
and V). 

Reagent 
- mole/l 
Metol ' 

FIG. 5.-Influence of an excess of diantipyrylpropylmethane on the extraction of: 

1. osmium, 3. platinum, 
2. iridium, 4. palladium. 

The extractability of osmium(W), iridium(N), platinum(IV) and palladium(I1) 
remains practically constant over a wide range of concentrations of acid (0.5-5~4 
hydrochloric acid) (Fig. 6). The percentage extraction of ruthenium and rhodium 
(Table VI) decreases with an increase in the concentration of the hydrochloric 
acid. 

Photometric Method for Determination of Osmium(ZV) and Zridium(ZV) 
by Means of Antipyrine Derivatives 

The dichloroethane extracts of quadrivalent osmium and iridium are intensely 
coloured. The absorption curves (Fig. 7) for all three complexes of osmium and 

TABLE V.-EXTRACTABILITY OF RHODIUM FROM HYDROCHLORIC ACID SOLUTIONS 

(1kf)IN PRESENCE OF DIANTIPYRYLPROPYLMETHANE' 

Concentration of 
reagent 

solution, % Rh taken, m, 
Rh found in organic Percentage extraction, 

phase, mg E 

0.1 24.70 0.60 2.4 
0.2 0.99 0.66 6.0 
0.2 1.97 0.09 4.5 
0.2 2.96 0.13 4.4 
0.2 3.95 0.18 4.5 
0.5 24.70 1.30 5.3 
1.0 10.23 1.55 15.15 

a Extraction carried out with 10 ml of a solution of the given concentration of the reagent in 
dichloroethane (volume of aqueous phase : 20 ml). 
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TABLE VI.-DEPENDENCE OF EXTRAWION OF RHODIUM ON ACIDITY OF INI~AL 
SOLLITION” 

HCI, M 
Rh found in organic 

phase, mg 
Percentage extraction, 

E 

0.5 
1.0 
2.0 
3.0 
4.0 

5; 
7.0 
8.0 

0.14 
0.66 
0.49 
0.46 
0.44 
0.42 
040 
0.10 
none 

;:; 
2.0 
1-9 
l-8 
1.7 
1.6 
0.4 
0.0 

a 24.10 mg of Rh taken. 

FIG. 6.-Mluence of the concentration of hylrochloric acid on the extraction of: 
1. osmium, 4. platinum, 
2. ruthenium(N) 5. palladium, 
3. iridium, 

iridium with diantipyrylmethane, diantipyrylpropylmethane and diantipyrylphenyl- 
methane are identical with one another, and the coefficients of molar absorption are 
practically the same. Curves 2 and 4 (Fig. 7) show the light absorption of solutions 
of ammoninm hexachlor~osmate and Gridate in 1M hydrochloric acid, respectively. 
By comparing curves 1 and 2 with 3 and 4, the light absorption of the extracts arises 
from the absorption of the OSC&~~ and IrCb2- anions. A slight displacement of the 
absorption curves of the extracts to the long-wave region of the spectrum and an 
increase in the intensity of the absorption are connected with the replacement of the 
ammonia cation in the impounds (N~$2MeX~ by the large organic cations 
(C,H,02N,*H)+, (Cz6HW02N,*H)+ and (C,H,O&*H)+ and with the change of 
solvent. Analogous phenomena are found in the case of the bromine-containing 
compounds. The light-absorption curves of solutions of the pure materials in 
dichloroethane proved to be identical with the absorption curves of the extracts. 
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It was found by the method of isomolar series that the ratio of metal to reagent 
in the extracted compounds was 1:2, i.e., the extracted compounds had the same 
composition as those isolated in the crystalline state. 

The optical density of the extracts is proportional to the concentration in the 
range Z-20 &ml of osmium and 4-40yg/ml of iridium. This has permitted the 
development of simple photometric methods for determining osmium and iridium. 

Wavetenqth, mp 

FIG. ‘T.-Absorption ~urvtx+ of the chlorides of complexes of osmium (1) and iridium (3) 
with antipyrine derivatives, and of ammonium hexachloro-osmate (2) and ammonium 

hexachloro-iridate (4). 

The most suitable reagent for the extraction and subsequent photometric deter- 
mination of osmium and iridium is diantip~ylpropylme~a~e and the mast suitable 
organic solvent is dichloroethane. 

Ruthenium does not interfere with the determination of osmium if it is first 
converted to the tervalent state. As mentioned above, in the presence of a smafi 
excess of reagent (10 ml of a O-1 % so&ion in d~~hloroeth~e for O-8 mg of osmium) 
it is not appreciably extracted. 

Rhodium does not interfere with the determination of iridium if the content of 
the former in the initial solution does not exceed 4 mg. In this case, the amount of 
rhodium passing into the organic phase does not exceed 09 mg (on extraction with 
a 0.2 % solution of the reagent). The light absorption of an extract containing 0.2 mg 
of rhodium at 498 rnp (maximum of the light absorption of the iridium complex) is 
insignificant, 

After a detailed study of the reaction of osmium and iridium tetrachlorides with 
the antipyrine derivatives and an investigation of the behaviour of the other platinum 
metals under the conditions of the formation of the osmium and iridium complexes, 
extra~on-photometry methods were developed for the determination of osmium in 
the presence of ruthenium and of iridium in the presence of rhodium, The methods 
are simple to carry out and are as follows. 

Determination of osmium in presence of ruthembm. A hydrochloric acid solution (3-&M with 
respect to this acid), containing osmium in the form Of OSCY,~- andruthenium, is heated with hydrazine 
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hydrochloride or hydrazine sulphate for 10-15 min until the dark red colour of the solution changes 
to pale yellow. Under these conditions, the ruthenium is reduced to the tervalent state while the 
osmium remains in the quadrivalent state. 

After cooling, the solution is transferred to a separating funnel and the osmium tetrachloride 
extracted with 10 ml of a 0.X *A solution of ~~tipyrylpropylmethane in dichloroethane. The optical 
density of the extract is measured at 346 rnp or 378 rnp and the osmium content found from a cali- 
bration curve. The method permits the determination of 2-20 ,ug of osmium/ml in the presence of 
40 mg of ruthenium (Table VII). 

TABLE VII.-SPXXROPHOTOMETRIC DETERMINATION OF OSMIUM AND IRIDIUM 
WITH DXA~~~YLPROPY~THAN~ 

Amount taken, ,q 

OS Ir 

19.0 - 
38.0 - 
57.0 - 

171.2 - 
152.1 - 
133.1 - 
114.1 - 

- 38,6 
- 772 
- 347.6 
- 38.6 
- 154.5 
- 77.2 
- 231.7 

Amount added, rng Found, pg Error, % 

Ru Rh OS Ir OS Ir 

6.10 - 19.0 - 0.0 - 
30.52 
27.46 1 

39.7 - +4*5 - 
62.5 - +96 - 

18.30 - 163.0 - -48 - 
36.61 - 150.0 - -1.3 - 
45.76 
18.30 : 

141.0 - +.5*9 - 
110.0 - -3.6 

- 0.988 40.5 - +4*9 
- 4.09 - 75.3 - -2-5 
- 4.09 - 351.4 - il.1 
- 204 - 36.7 - -4.9 
- 3.952 - 1525 - -1.2 
- 1.976 - 81.1 - 15.0 
- 1.02 - 237.5 - +2.5 

The error of the above determination is f 10%. Thus, the extraction-photometric 
method for determining osmium by means of diantipyrylpropylmethane is not inferior 
in sensitivity to the widely used thiourea method, 33 but its selectivity is superior to 

that of all known photometric methods of determining osmium. 
The method may be used for the analysis of hydrochloric acid distillates and 

other solutions of osmium after this had been converted to OSC~,~-. 

Determination of iridium inpresence of rhodium. A solution, containing iridium and not more than 
4 mg of rhodium, is twice evaporated on a water-bath with concentrated hydrochloric acid, in the 
presence of sodium chloride and hydrogen peroxide, to the state of moist salts to convert the iridium 
to I&l,*-. The residue is dissolved in water, the solution transferred to a separating funnel and the 
iridium extracted with 10 ml of a 0.2 % solution of diantipyrylpropylmethane in dichloroethane. The 
optical density of the extract is measured at 490 rnp and the content of iridium found from a cali- 
bration curve. The method permits the determination of M ,ug of iridium/ml in the presence of up 
to 4 mg of rhodium with an accuracy of * 10% (Table VII). 

The extraction-photometric method for determining iridium by means of dianti- 
pyrylpropylmethane is equal in sensitivity to the method used in practice,@* being 
inferior in this respect to the majority of other photometric methods for determining 
iridium. However, it is favourably distinguished from them in respect of selectivity, 
permitting the determination of up to 4pg/ml in the presence of loo-fold amounts 
of rhodium. In our opinion, the method can be used for the analysis of any solution 
of iridium after its conversion to IrCl,2-. 

The extraction-photometric determination of osmium and iridium in the form of 
the bromide complexes is not selective, i.e., all platinum metals, including tervalent 
ruthenium and rhodium, are extracted well from hydrobromic acid solutions with 
the formation of coloured extracts. 
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Gravimetric Methods for Determination of Osmium and Iridium by means of 
Antipyrine Derivatives 

Because the development of gravimetric methods for osmium and iridium is of 
practical importance, we have studied the possibility of using for this purpose the 
compounds of quadrivalent osmium and iridium with antipyrine derivatives that we 

have obtained. 
Diantipyrylmethane (with precipitation from hydrobromic acid solution) and 

diantipyrylpropylmethane (with precipitation from hydrochloric acid solution) must 
be considered the most suitable reagents for the gravimetric determination of osmium 
and iridium. Diantipyrylphenylmethane is unsuitable because of the low solubility of 

its hydrochloride and hydrobromide. For the same reason, it is also undesirable to 
use diantipyrylpropylmethane in precipitation from hydrobromic acid solutions. 

In the presence of a small excess of the reagent, quadrivalent osmium and iridium 

are precipitated practically completely from hydrochloric acid solutions by dianti- 
pyrylpropylmethane; quadrivalent osmium is also precipitated quantitatively from 
hydrobromic acid solutions by diantipyrylmethane (Figs. 2-4). Thus, in a solution 
0.5% with respect to hydrochloric acid and containing 20 x 1O-5 mole/l. of reagent 
in’excess, osmium cannot be detected with thiourea% nor iridium with a mixture of 
acids (H,S04-H,PO,--HClO,). From the results obtained, a gravimetric method 
fo; the determination of osmium and iridium has been developed. 

Determination of osmium and iridium. A 2% solution of diantipyrylpropylmethane (or dianti- 
pyrylmethane in precipitation from hydrobromic acid solutions) in acetic acid (1: 1) is added slowly 
with stirring to 60-70 ml of hydrochloric acid solution (@145M) or a corresponding hydrobromic 
acid solution, containing osmium in the form of OSC~,~- or 0sBr,2- or iridium in the form of IrCI,*-, 
until the addition of a fresh portion of the reagent causes no further precipitation. A further 1 ml 
of the reagent solution is then added and the solution containing the precipitate is allowed to stand 
for 2-3 hr. The resulting precipitate is filtered off through a No. 4 filter crucible, washed 4-5 times 
with a 0.05-0.1 ‘A solution of the reagent in 0.5M hydrochloric acid, dried to constant weight at 
100-l 10” and weighed. As can be seen from Table VIII, using diantipyrylmethane and diantipyryl- 
propylmethane it is possible to determine 5-13 mg of osmium and iridium by precipitation and weigh- 
ing in the form of (CzsH,,O,N,~H),OsCl,, (C2sHe408N,.H)aOsBr, or (C,,H,,O,N,~H),IrCl,. 

The error of the above determination is &3 %. Platinum and palladium interfere 
with the determination, forming sparingly soluble compounds with the antipyrine 
derivatives. Ruthenium and rhodium, although they do not give sparingly soluble 
compounds, nevertheless undergo considerable coprecipitation with the osmium and 
iridium precipitates. Thus, they precipitate to the extent of 2-3 % from hydrochloric 
acid solutions of quadrivalent and tervalent ruthenium, as was found by means of the 
l06Ru + 10sRh isotope. On precipitation from hydrobromic acid solutions, the 
amount of quadrivalent ruthenium coprecipitated increases to 20% and that of 
tervalent ruthenium to 7 %. 

The gravimetric methods for the determination of osmium and iridium by means 
of diantipyrylmethane and diantipyrylpropylmethane are favourably distinguished 
from many other gravimetric methods, firstly, because they do not require calcination 
of the precipitate to the metal and, secondly, because they permit the determination 
of milligram-amounts of osmium and iridium with great accuracy because of the 
small conversion factor to the metal. The disadvantage of these methods is their low 
selectivity: all platinum metals interfere with the determination. 
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TABLE VIII.-GRAWMETRIC DETERMINATION OF OSMIUM AND IRIDIUM 
BY MEANS OF ANTIPYRINE DERIk’AM 

Form of 
precipitate 

Amount taken, mg 

OS Ir 

Found, mg 
- 

OS Ir 

Error, % 

OS Ir 

WJMWW-IhOsC1~ 

Factor = 0.1503 

6.06 

8.65 

4.33 

10.38 

12.98 

(C981-W&IWIhOsBr~ 

Factor = 0.1314 

4.11 

3.69 

5.75 

8.21 

7.80 

- 

GsHBo02N4~H)sIrCl, - 
- 

Factor = 0.1523 - 

- 

- 
- 

- 
- 
- 
- 
- 

5.24 

10.48 

13.10 

8.52 

6.55 

6.15 - +1.5 

8.55 - -1.1 

4.47 - $3.2 

10.16 - -2.1 

12.75 - -1.8 

4.20 - +2*2 

3.69 - 0.0 

5.66 - -1.5 

8.03 - -2.2 

7.88 - s1.0 

- 
- 
- 
- 
- 

5.19 - -0.9 

10.14 - -3.2 

13.13 - -to-2 
8.68 - + 1.9 

6.55 - 0.0 

- 

- 

- 

Extractive Separation of Iridium and Rhodium, Platinum and Rhodium, and Palladium 
and Rhodium by means of Diantipyrylpropylmethane 

The difference in extractability of iridium(W), platinum(W), palladium(I1) and 
rhodium(II1) has permitted the development of an extraction method for separating 
small amounts (610 mg) of rhodium and iridium, rhodium and platinum, and 
rhodium and palladium with the aid of diantipyrylpropylmethane. 

Before separation, the solution containing the platinum metals was evaporated 
three times with concentrated hydrochloric acid, sodium chloride and hydrogen 
peroxide, to convert the platinum metals to the chloride complexes. During the 
extraction, part of the quadrivalent iridium may be reduced to the tervalent state, so 
that this operation of evaporating the solution must be repeated before each successive 
extraction. Moreover, it has been found that the extraction’of the chloride complex 
of rhodium is irreversible, i.e., when the extract is shaken with 1M hydrochloric acid 
no appreciable amounts of rhodium pass into the aqueous phase. To re-extract the 
rhodium from the organic phase, the extract was shaken with a 25% solution of 
nitric acid (under these conditions, platinum, palladium and iridium are also re- 
extracted). The re-extract was then treated with concentrated hydrochloric acid and 
sodium chloride to reconvert the platinum metals to the chlorides. 

The separation was carried out in separating funnels by Bush and Densen’s scheme 
(Fig. 8). 41 A 1 y0 solution of diantipyrylpropylmethane in dichloroethane was used 
for the extraction. The volume of the organic phase was 10 ml and that of the aqueous 
phase 20 ml, and the over-all concentration of hydrochloric acid in the aqueous phase 
was 1M. The results obtained are given in Table IX. 
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I 2 3 
Aqueous fractions 

FIG. g--Scheme of extractive separation. 

TABLE IX.-SEPARATION OF RHODIUM AND IRIDIUM, RHODIUM AND PLATINUM, 
AND RHODIUM AND PALLADIUM 

Fraction 
no. 

Metal found,l mg 

Rh Ir Rh Pt Rh Pd 

1 760 0.00 760 O*OO 7.70 0.00 
2 2.11 O*OO 2.18 0.00 2.12 O+Ml 
3 0.30 OGO 0.18 OGO 0.22 o*Oo 
4 traces 0.000 traces OGO traces 0.00 
5 o*OO 0.33 ONJ traces 0.00 0.32 
6 0.00 6.22 O+Ml 6.50 OGO 745 

8 Amounts taken were 9.88 mg of Rh, 6.55 mg of Ir, 660 mg of Pt and 7.80 mg of Pd. 

Fractions 

FIG. 9.-Experimental curves of the distribution of rhodium (I), iridium (3), platinum 
(4) and palladium (5), and theoretical curves of the separation of rhodium (2) and iridium 

(practically coinciding with the experimental curve). 
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The experimental distribution curves (Fig. 9) of rhodium and iridium proved to 
be close to those calculated from the, formula 

K .V.. 

‘=K.V,+& 

where p is the fraction of the metal remaining in the aqueous phase after the first 
extraction, V, and V, are the volumes of the aqueous and organic phases, respectively, 

and K = 
1 

E where D is the distribution coefficient. After a g-stage extraction sepa- 

ration, about 80% of the original amount of rhodium taken was obtained in the first 
fraction, which was spectroscopically free from iridium, platinum and palladium. 
However, to obtain samples of iridium, platinum and palladium spectroscopically 
free from rhodium it was necessary to carry out the separation with a greater number 
of extraction stages. 

The method developed has been used to purify metallic rhodium from trace 
amounts of platinum, iridium and palladium. 

It is also possible to use diantipyrylpropylmethane for the extractive separation 
of platinum, palladium, iridium, osmium and ruthenium from other elements, e.g. 
from nickel and selenium, which are not extracted by dichloroethane in the presence 
of diantipyrylpropylmethane. 

Zuaamtnenfaasung-Die Reaktion von vierwertigem Osmium und 
Iridium mit Antipyrin und einigen seiner Derivate wurde untersucht 
und es wurde gezeigt, dalj in sauren Losungen Verbindugnen vom 
Typ (RH),MeX, gebildet werden. Die Extraktion von Halogenokom- 
plexen von Osmium, Iridium, Ruthenium, Rhodium, Platin und 
Palladium mittels Diantipvryl-propylmethan in Dichlorathan wurde 
geprtift. Eine extraktiv-pho~omet&he Methode wird vorgeschlagen 
fib die Bestimmune von 2-20 &ml Osmium neben 50 mn Ruthenium 
und von 4-40 fig/&l Iridium ne&n 4 mg Rhodium mittels”Diantipyryl- 
propylmethan. Der Fehler der Bestimmung ist *lo%. Eine gravi- 
metrische Methode zur Osmium- und Iridiumbestimmune, in Meneen 
von 5-13 mg, mittels Diantipyryl-propylmethan und “Diantipy$- 
methan wird voreeschlaeen. Die Moelichkeit selektiver Extraktion 
kleiner Mengen I>dium”und Rhodiug, Platin und Rhodium und 
Palladium und Rhodium mittels Diantipyryl-propylmethan wird 
gezeigt. 

RBsumC-On a Ctudie la reaction de l’osmium tetravalent et de 
l’iridium avec l’antipyrine et quelques-une de ses derives, et l’on a 
montre qu’en solutions acides, il se forme des composes (RH),MeX,. 
On a examine I’extraction des complexes halogen& d’osmium, iridium, 
ruthenium, rhodium, platine et palladium au moyen de diantipyryl- 
propylmdthane en dichlorethane. On propose une methode photo- 
metrique par extraction pour le dosage de 2-20 ,ug/ml d’osmium en 
presence de 40 mg de ruthenium, et de 4-O pg/ml d’iridium en 
presence de 4 mg de rhodium, au moyen de diantipyrylpropyl methane. 
L’erreur du dosage est & 10%. On propose une methode gravimetrique 
pour le dosage de 5-13 mg d’osmium et d’iridium au moyen de dianti- 
pyrylpropylmethane et diantipyrylmethane. L’erreur du dosage est 
*3x. On montre la possibilite d’extraire separement des petites 
quantites d’iridium et rhodium, platine et rhodium, et palladium et 
rhodium, a l’aide du diantipyrylpropylmbthane. 
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(Material for this section should be sent directly to the Associate Editor) 

UNITED KINGDOM 

Wednesday 2 December 1964: Meeting on Solvent Extraction: Society for Analytical Chemistry. 
Wellcome Building, Euston Road, London N.W.l, 3.00 p.m. 

Friday 4 December 1964: Scientific Examination of Documents, C. L. WILSON : Chemical Society; 
Society for Analytical Chemistry, Scottish Section and Royal Institute of Chemistry. University of 
Strathclyde, Glasgow, 6.00 p.m. 

Tuesday 8 December 1964: Experience in U.S.A. on Boilers, D. H. JOHNS; Principles of Chemical 
Control of High Pressure Boilers, E. C. POT-~ER: Society,for Analytical Chemistry, Midlands Section. 
University of Birmingham, Edgbaston, Birmingham 15, 6.30 p.m. 

Wednesday 9 December 1964: Discussion Meeting: Society for Analytical Chemistry, Micro- 
chemical Methods Group. The Feathers, Tudor Street, London E.C.4, 6.30 p.m. 

Thursday 10 December 1964: Annual General Meeting followed by Discussion Meeting: Society 
@r Analytical Chemistry, Biological Methods Group. The Feathers, Tudor Street, London E.C.4, 
6.30 p.m. 

Friday 11 December 1964: Some Aspects of Polarography, M. L. RICHARDSON: Society for 
Analytical Chemistry, North of England Section and Special Techniques Group. Great Northern 
Hotel, Leeds, 7.30 p.m. 

Friaizy 11 December 1964: Thin-Layer Chromatography, E. V. TRUTER: Society for Analytical 
Chemistry, Western Section and Royal Institute of Chemistry, Cardiff and District Section. 
College, Cardiff, 6.30 p.m. 

University 

Tuesday 15 December 1964: Annual General Meeting followed by Discussion Meeting on Special 
Assemblies and Adaption of Atomic-Absorption Apparatus: Society for Analytical Chemistry, 
Atomic-Absorption Spectroscopy Group. Burlington House, London W.l, 6.30 p.m. 

ERRATA-Volume 10 
Page 1088, Table 1: Compound Xl11 under the heading Ar should read 3-MeO-4-OH-C’,H, 

instead of 3-Me4-OH-CGH, 

Page 1088, Table I: For compound XIII read XIV; for compound XIV read XV; for compound 
XV read XIII 

ERRATA-Volume 11 
Page 998, Fig. 5: This should read 

Curve I --~ 10.8 mg of boron, 216 mA; Curve 111 -.--.- 0.50 mg of boron, 19 mA; 
CurveII---- l.O8mgofboron,19mA; Curve IV -..- ‘- 0.10 mg of boron, 4.5 mA. 

Page 998, Fig. 6: This should read 
Curve I -.-.- 10.8 mg of boron, 216 mA: Curve II - - - I.08 mg of boron, 19 mA. 

Page 999, Fig. 7: This should read 

Curve I ---- IO.8 mg of boron, 216 mA; 
Curve 11 - - ~ I.08 mg of boron, 19 mA; 
Curve III -‘-.-- 0.50 mg of boron, 19 mA. 

Page 999, line 5 under Table II: This should read . . . . .O.l mg of boron. 

Page 1314, line 4: For UO,?- read UOzL- 

Page 1317, Table I: In the first column read UOBL- for UO,?- 

Page 1406, Table I: The headings for columns two, three and four should read 

Cu2+ taken 
mntole/IOO nL 

HEDTA taken, Resin, 
mmole~l00 ml 0” 

8 i 
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OBITUARY 

ELEMiR SCHULEK 

IT is with regret that we announce the sudden death on Wednesday, 
14th October, 1964, at the age of 71, of ELE&R SCHULEK. Professor 
Schulek, Member of the Hungarian Academy of Sciences and Head of 
the Institute of Inorganic and Analytical Chemistry of the L. Eiitvijs 
University of Budapest, had been a Member of the Advisory Board of 
Talanta since its inception in 1958. A review of his career and his scien- 
tific work was published in Tulcanta, 1963, 10, 429. 

1675 
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NOTICES 

(Materialfor this section should be sent directly to the Associate Editor) 

BUNDESREPUBLIK DEUT!XIiLAND 

l.-2. April 1964: GDCh-Fachgruppe “Kern-, Radio und Strahlenchemie”: Symposium iiber 
Methoden zur Messung weicher /LStrahler: Karlsruhe. 

czECHosLovAKL4 
Tuesday 29 September-Friday 2 October 1964: Third National Radioebemical Conference: Czecho- 
Slovak Chemical Society, Nuclear Chemistry Section: Scientific House, Liblice by Praha. 

The following topics are proposed for the Conference: 
1. Separation methods in radiochemistry. 
2. Radioisotopes in chemical analysis. 
3. Hot atom chemistry. 
4. Radioisotopes in chemistry and industrial research. 
5. Production of radioisotopes. 

Original papers are invited. Two copies of a brief abstract (150 words) with names of authors and 
their address should be sent, not later than 1 May, 1964, to JaremIr R&?icka C. SC., Faculty of Tech- 
nical and Nuclear Physics, Praha 1, Bfehovil 7.: Other correspondence and the full text of papers 
should be sent to Miroslav Kfiv&nek C. SC., Institute of Nuclear Research CSAV, Rei by Praha. 

DEUTSCHE DEMEKRATISCHE REPUBLIK 
14.-17. April 1964: Maderne elektrochernlsche AnaIysenmetheden: Eisenach (Die Hauptvortrage sind 
in Tulanta, 1963, 10, December, i, schon angedeutet worden). 

SWEDEN 
Monday-Suturduy 14-19 September 1964: Third International Measurement Conference and Sixth 
International Instruments and Measurements Conference: The Congress halls at Felkets Hus, 
Stockholm. 

Approximately 120 papers have been submitted by scientific and technical societies participating 
in the organisation of the Conference. Topics of general character will be discussed in the Plenary 
Sessions and in Sections, whereas new methods for measuring specific physical or chemical quantities 
are to be handled in the Speeialised Sections. New developments in the border fields of measurement 
and automation will again be discussed in a Section organised jointly with the Technical Committee 
on Components of the International Federation for Automatic Control. The number of papers has 
been limited so as to secure time for personal discussions, visits to institutes and plants, excursions, 
etc. 

Correspondence regarding registration, accommodation, etc., should be addressed to RESO 
Congress Service, Stockholm 1, Sweden. Enquiries regarding the scientific programme should be 
directed to IMEKO Secretariat, Budapest 5, P.O.B. 3, Hungary. Information regarding the Commer- 
cial Exhibition may be obtained from the Exhibition Management, AB Anders Beckman, Birger 
Jarlsgatan 13, Stockholm C, Sweden. 

UNITED KINGDOM 
Thursday 2 April 1964: Contributions from Research Workers in Universities and Colleges of 
Advanced Technology: Societyfor Analytical Chemistry: University College, Gower Street, London 
w.c.1. 
Monday-Thursday 6-9 April 1964 : Anniversary Meetings : Chemical Society: University, Edgbaston, 
Birmingham 15. 

This will include a Symposium on New Methods of Organic Analysis the programme for which is 
as follows: 

Wednesday 8 April, Afternoon 
Qualitative organic analysis. F. FEIGL 

Determination of organic functionalgroups. F. E. CRITCHFIELD 
Some instrumental methods in organic anlaysis. J. R. MAJER 

Thursdav 9 Aoril. Afternoon 
General developments in organic analysis. R. BELCHER 
Analysis of organic compounds by titration in non-aqueous media. E. A. M. F. DAHMEN 

orgdnic polarography. P. ZUMAN 
Further information may be obtained from The Chemical Society, Burlington House, London W.l. 
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Friday 17 April 1964: Fluorine and Teeth Decay G. N. JENKINS: Chemical Additives in Foods J. 
MARKLAW : Society for Analytical Chemistry, North of England Section and Scottish Section: 
Cent& Hotel, Victoria Viaduct, Carlisle. 7.15 p.m. 
Wednesday 22 April 1964: Analytical Chemistry, &iiemicaI Aaalysis and the Analyst, R. C. CHIRNSIDE: 
Society for A~yti~a~ C.&em&try, ~~d~an~ Section and Royal Institute of Cornily, Lea Valley 
Sectiort: Luton. 
Wednesday 29 April 1964: Meeting on &un~m&gical Assay of Hormones: P. G. H. GELL and 
A. J. FUL~~ORPE: Society for Analytical Chemistry, BiologicdI Methods Group: Burlington House, 
London W.1. 7.00 p.m. 

Su~ay-Sag~~y 6-12 Sepfember 1964: Snnnner sohooI in Organic Speetrosfzqy: R0pJ Ins&&e of 
Chemistv in co~iabora~o~ with S~iety~r A~u~ytica~ C~m~stry: Moof of Pharmacy, Brunswick 
Square, London WC 1. 

The Summer School will provide an organised and concise presentation of infrared and nuclear 
magnetic resonance spectrosca y in terms of organic structures. Emphasis will be placed on funda- 
mental principles and basic tee E:. mques. There will be morning lectures and small seminar discussion 
groups each afternoon. Laboratory sessions wilt. also be provided. 

Further information may be obtained from the Summer School Secretary: Mr. G. D. ~HISMAN, 
Royal Institute of Chemistry, 30 Russeif Square, London W.C.1. 

At the Ninth AMIUI~ General Meeting of the Western Section of the Society for Analytical Chemistry 
held on &&y, 10 January, 1964, the following Officers were elected for the forthcoming year: 

Chairman: E. A. HONT~IR 
Vic+Chairman: L. E. COLES 
Secretary/Treasurer: T. G. MORKIS, Erockleigh, CIevedon Avenue, Sully, Gfamorgan. 

At the Twenty-Ninth Annual General Meeting of the Scottish Section of the Society for Analytical 
Chemistry held on Friday, 24 January, 1964, the following Officers were elected for the forthcoming 
year : 

Chairman: R. A. CHALMERS 
Vice-Chariman: J. K= MCLELUN 
SecretaryiTreasurer: J. W. M~~RFIN, Boots Pure Drug Co. Ltd., Motherwe~ Street, Aidrie, 

Lanarkshire, 

UNITED STATES OF AMERICA 

Sunday-Friday 5-10 April 1964: 147th National Meeting: American Chemical Society.” Philadelphia. 
This includes Symposia on Chromtiography and Eiectrophoresis and on Chemical Analysis through 
Systems Control. 
Tuesday 7 April 1964 : Ap#ati5ns of High Re~oiution NMR to Date-a of mc S-es 
J. L. HOUXIMEI: Society for App6ed Spe~irosco~y* New York Section: Hotel Manhat~, 8th and 
44th Street. 
Thursday-Saturday 16-l 8 April 1964: Course on Evaluation and Interpretation of Physical and 
Chemical Testing Methods: American Society for Quality Control and American Chemical Society, 
Joliet Sectbn: Kankakee, 111. 
Sunday-Tuesday 19-21 April 1964: Second Annual Oak Ridge Radioisotope Conference: Gatfinburg, 
Tenn. 
Wed~sda~~t~day 22-25 April 1964: Fourth Rare E&h Research Cenfeence: Camelback Inn, 
Pheonix, Ark 

Wednesday-Friday 11-13 November 1964: Sixth Eastern Analytical Symposium: AnalytEcaI Groups 
of New York and North Jersey Sections of American Chemical Society, American Mlcrochemical 
Society, and Baltimore- Washingfon, Delaware Valiey, New England and New York Sections of 
Society for Applied Spectroscopy: Statler-Hilton Hotel, New York. 

Foiiowir~g the succzssfut pattern of previous years, the technical programme will consist of 
se&ted invited papers on topics of current interest in chemical analysis and ctosely related &ids. 
Suggestions for programme topics and speakers are invited from all interested persons, These should 
be submitted to the Programme Chairman: Dr. LEO SAFRANSKI, E, 2. du PONT de Nemours and Co.. 
Plastics Department, Experimental Station, Wilmington 98, Delaware. 
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American Society for Testing and Materials has announced that the following publications in the field 
of spectroscopy are now available: 
First Supplement to the Molecular Formula List of Compounds, Names and References to Published 
Znfrared Spectra: STP 331-A (Price $4.50; 83.15 to ASTM members). 
Index of Mass Spectral Data: STP 356 (Price 518.50; 813.00 to ASTM members). 
Molecular Formula List of Compound Names and References to Published Ultraviolet and Visible 
Spectra: SW 357 (Price $6.00; $4.20 to ASTM members). 
Serial Number List qf Compound Names and References to Published Znfrared Spectw: STP 358 
(Price 812.00; $8.40 to ASTM members). 

Copies may be obtained from ASTM, 1916 Race Street, Philadelphia, Pa. 

ERRATUM-Volume 11 

Page 2, line 7: this should read Methods have previously been described . . . 

Page 16, line 2 above formula XIX: this should read In order to study the formation of complexes by 
ffrsenazo , . 

Page 18, line 4 of Synthesis: this should read excess of nitrom acid. . . 
Page 5, insert after Zusammenfassung 

R&sum&--L’utilitC: analytique particulikre de l’Arsenazo-III est due & sa capacitC de former des 
complexes spkcialement stables avec certains elements. Ceci permet le dosage en milieu acide fort 
(HCl, 10 M ou SO,H,) des &ments penta- ou quadrivalents: Pa, NpIv, Th, Zr, Hf, IF; la re- 
productibilitk est bonne, la manipulation facile et l’on ne note que de petites interfkrences d&s aux 
anions. La grande sensibilitk (O,l-O,Ol &ml, coefficient d’absorption molaire 50-150 x 10s) est 
due au grand effet de contraste de la r&action (changement de coloration durose au vert Bmeraude, 
dkplacement du maximum d’absorption de 125 mp), nature de spectre, et enfin possibilit6 d’atteindre 
des dilutions extremes sans dissociation des complexes. 

Page 41, insert after Zusammenfassung 

Rksumk-Les melanges form& d’orthophosphate, de ses polymkres lirkaires supkrieurs jusqu’au 
tridkaphosphate compris et trois polym&es cycliques ont pu &re s&par&s par chromatographie 
d’tkhange ionique. L’un des polym&res cycliques (recontrk dans les verres de polyphosphate . . . 
est probablement le pentam&aphosphate. Sa nature cyclique a &k d6montrke par dosage des groupes 
terminaux et chromatographie sur papier, mais les tentatives de denombrement des atomes de 
phosphore du noyau ont kchouQs B cause de la t&s faible quantitb de produit disponible. l?vidence 
est present&z a l’appui de la supposition courante que les phosphates linkaires supbieurs sont Bluks 
suivant leur degrk de polym&isation. 

Page 46, insert after Zusammenfassung 

R&am&--Une mkthode pour le dosage des trimktaphosphates en prbsence d’oligophosphates 
linkires sup&ieurs au trim&e est developpke. 11 a &C dbmontrb que l’ortho-, It pyro-, at le triphos- 
phate ne sent pas compktement prkipitkspar l’ion baryum, tandis que les phosphates oligomkres 
linkaires de type sup&ieur sont prkcipitb quantitativement. Ces demiers sont isolks des mklanges de 
phosphates par chrr--dtographie d’khange d’anions, mklangks avec des quantitbs connues de 
phosphates cycliques, at prkipit& par l’ion baryum. Une erreur moyenne de +0,8 et un &art 
standard de 5 3 micromoles de phosphore de l’ion cyclique a ktk mise en evidence dans les melanges 
contenant de 0 B 203 micromoles de phosphore sous forme de trimktaphosphate en prksence de 0 B 81 
micromoles de phosphare sous forme de polymkes linkaires, 

Page 49, line 1: this should read using barium diphenylamine . . . 
Page 57, line 1: this should read between ammonium ion and chloramine-T . . . 
Page 57, insert after Zusammenfassung 

R&sum&-La chloramine-T oxyde quantitativement la thiourk en u&e et l’ion sulfate en milieu 
neutre et en milieu basique. L’oxydation est totale en 2 minutes m&me en prksence d’un kger exc&s 
d’oxydant. L’uree et l’ion ammonium ne sont pas g&ants si l’oxydation est effect&e en milieu 
alcalin. 
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(Material for this section should be sent directly to the Associafe Editor) 

CZECHOSLOVAKIA 

At the National Meeting on Activation Analysis at Mod& from 4 to 7 November, 1963,20 papers 
were presented. The subjects included ~st~men~l activation analysis, neutron sourzz, methods of 
counting and gamma spectrometry. Substoichiometry, especialiy its use for determination of traces 
of elements by activation analysis, was discussed. The meeting was sponsored by the Scientific and 
Technical Society in collaboration with the Department of Radiochemistry and Radiation Chemistry, 
Faculty of Chemistry Bratislava Kolltirovo n&m. 2. Abstracts of the papers are available from the 
above address. 

In der Zeit vom 31.8. bis 12.9.1964 veranstaltet das Institut fiir Fhysikahsche Chemie der Karls 
Universitit und das Polarographische Institut der Tschechoslowakischen Akademie der Wissen- 
schaften einen Lehrgang in Polarographie. Dieser Kursus besteht aus Vorlesungen fiber die Grund- 
lagen der Po~o~phie, die in deutscher Sprache abgehahen werden, und einen entsp~enden 
Praktikum. Der Lehrgang ist fiif H~hschulabsolventen gedacht, spezieile Vorke~~isse der 
Polarographie sind jedoch nicht Bedingung. Die Zahl der Teilnehmer wird auf 20 begrenzt. Dieser 
Lehrgang wird vorbereitet unter Schirmherrschaft von Professor Dr. J. HEYROVSK~, die Vorlesungen 
und das Praktikum liegen in den Handen von Fachkraften der Karls-Universittit und des Polaro- 
graphischen Instituts. Die Teiluahmegebiihr betragt KEs 300.-einschliesslich eines Ausfluges in die 
Umgebung Prags und eines gemeinsamen Abendessens am Abschlusstage des Lehrganges. Eine 
~nterbr~~~ in Stud~te~eimen zu m&&en Preisen bzw. auf besonderen Wunsch im Hotel. 
wird gew&&stet. 

Vor&iige Anmeldungen mit Angabe von Titel, Name und Adresse sind an das Institut fiir 
Physikalische Chemie der I&Is-Universit&t, Prag 2, Albertov 2030, bis sp%estens 15. Mai 1964 zu 
richten. 

I.MITED KINGDOM 

We&&y 5 Fe&wry 1964: Brains Trust Evening entitled High Purity Chemicak: E. F. HERSANT, 
B. ILLINGWORTH and F. H. Lnva~: Society for AnalyticaI Chemistry, Midlandr Section: 
Edgbaston, Birmingham 15: 6.30 p.m. 

University, 

Friday 14 February 1964: HydroIytic Studies of Phosplmrus Compomais using Chromatugraphic 
Methods: F. H. POLLARD: Society for Analytical Chemistry, North of England Section and Leeds 
University Chemical Society: University, Leeds: 6.00 p.m. 

Friday 21 Februnry 1964: Annnai Genera1 Meeting followed by w Meeting: Society for 
Analytical Chemistry, Microchemistry Group: Burlington House, London W. 1. 

Tuesday 25 February 1964: Meeting on Atomic Ahsor&on S~&roscon~: Chemistry of Fhnnes, 
T. M. SUGDEN: Review of Progress in Field of Atomic Absorption Spectroscopy: J. B. DAWWN: 
Society for Analytical Chemistry, Midlands Section and Physical Methods Group with Royal Institute of 
Chemistry, East Midlands Section and Leicester University Chemical Society: University, L&ester: 
7.00 p.m. 

Friday 28 February 1964: Meeting on Qnaiitative Analysis: W. MATER and E. H. REID: Society 
for Analytica Chemistry, Scottish Section: Paisley College of Technology: 7.15 p.m. 

A Conference of the Society for Analytical Chemistry will be held at Nottingham University 
between 19 and 23 July, 1965. 

The scientific pro~a~e,whichwi~consist of original papers on all aspectsof ~al~i~lchemist~, 
is to be organised by the Programs Committee of the Society, and the respo~ibi~ty for refereeing 
of papers wiil be in the hands of The Analyst Editorial Committee. A Trade Exhibition (Secretary, 
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Mr. N. Mix, Standards Department, Boots Pure Drug Co. Ltd., Nottingham) and a programme of 
social functions will also be arranged. 

Preliminary enquiries should be addressed to Mr. C. A. Johnson, Honorary Secretary, SAC 
Conference 1965, 14 Be&rave Square, London S.W.1. 

At the Nineteenth Annual General Meeting of the Physical Methods Group of the Society for 
Analytical Chemistry held on Tuesday, 26 November, 1963, the following Officers were elected for the 
forthcoming year : 

Chairman: L. BREALEY 
Vice-Chairman: G. F. REYNOLDS 
Secretary and Treasurer: T. L. PARKINSON, Product Research Department, Beecham Food and 

Drink Division Ltd., Harpenden Rise, Harpenden, Herts. 

At the Nineteenth Annual General Meeting of the Biological Methods Group of the Society for 
Analytical Chemistry held on Thursday, 12 December, 1963, the following Officers were elected for the 
forthcoming year : 

Chairman: W. A. BROOM 
Vice-Chairman: M. W. PARKES 
Secretary and Treasurer: K. L. SMITH, Standards Department, Boots Pure Drug Co. Ltd., 

Pennyfoot Street, Nottingham. 

UNITED STATES OF AMERICA 

Monday-Tuesday 3-4 February 1964: Research Conference on Progress in Gas Chromatography: 
University of California, Los Angeles, Calif. 

The programme is as follows: 

Monday, February, 3 

Preparative Gas Chromatography J. HOWARD 
Mixed Bed Columns C. N. REILLEY 

Tuesday, February 4 

Improvements in Detectors and Readout J. C. STERNBERG 
Gas Chromatography of Steroids and Related Substances E. C. HORNING 

The Conference will be followed by an intensive basic Three-Day Chromatography Course (5-7 
February) of lectures and laboratory work for those with a limited amount of experience in gas 
chromatography, as well as those who are new to the field. 

Monday-Thursday 3-6 February 1964: International Conference on Materials: American Society 
for Testing and Materials: Sheraton Hotel, Philadelphia, Pa. 

The following items from the programme may be of interest to analytical chemists: 

Monday, 3 February: Application qf Advanced and Nuclear Physics to Testing Materials 

Application of Microwave Spectroscopy in Non-destructive Testing A. WATSON 
X-Ray Fluorescence Analysis of Materials B. L. BEAN and W. MULLIGAN 
Use of Neutron Diffraction in Study of Properties of Matter E. LIGRAND 
Non-destructive Estimation of Cement Content of Finished E. YALTKAYA, S. URKAN, 

Concrete S. SENT~_?RK, K. K~~KSAL 
and B. V. EN~~sT~~N. 

Impact of Nuclear Technology on Highway Engineering 
Measurement of Moisture Content in Brick Walls by a Neutron- 

Scattering Technique 

P. L. BLACKWELL 
B. RO~~INSKI, T. PRZEDECKI and 
2. STACMONWICZ 

Tuesday, 4 February 

Intuences of Modern Physics on Properties of Wood and their Evalu- 
ation R. L. YOUNGS 

Applications of Centimetric Radio Waves in Non-destructive 
Testing R. W. NURSE 

Microwave and X-Ray Diffraction Studies of Swelling of Baked J. BROCARD, C. DAWANCE, 
Clays by Radioisotope Techniques R. LACHAUD and J. PAQWT 
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Wednesday, 5 February: Zmpact of Physics on Analysis and Testing of Materials 
Electron Beam Microprobe as a Tool in Materials Engineering F. P. LANDIS, R. W. MERCHANT 

and P. D. ZEMANY 
Progress in Field Zon Microscopy E. W. MUELLER 
Nuclear Magnetic Resonance in Materials Analysis and Testing C. M. HUGGINS 
Modern Solid-State Mass Spectroscopy as a Tool for Stana’ardisa- 

tion in Analysis of Nuclear Materials T. L. COLLINS, JR. 

Thursday, 6 February: Modern Physics and New Materials 
Lasers and Laser Materials K. NASSAU 

Monday-Friday 3-7 February 1964: Winter Gordon Research Conference on Electrochemistry: 
Electrode Reactions: Miramar Hotel, Santa Barbara, California [see Talanta, 1963, 10 (December), 
Notices p. ii]. 

Tuesday 4 February 1964: Panel Discussion on Emission Spectnrscopy Tedniques: E. JAYCOX, 
T. SHEEHY and C. ALBRIGHT: Societyfor AppliedSpectroscopy, New York Section: Hotel Manhattan, 
8th Avenue and 44th Street, New York: 8.00 p.m. 

Thursday-Saturday 27-29 February 1964: Fi Omnibus Conference on Experimental Aspects of 
Nuclear Magnetic Resonance Spectroscopy: Mellon Institute, Pittsburgh, Pa. 

National Bureau of Standards has announced the availability of a new nitrogen-bearing and two 
new precipitation-hardening stainless steel standards. NBS Standard Sample No. 343 is intended for 
calibrating procedures for determining nitrogen and the precipitation-hardening standards, Nos. 344 
and 345, for controlling the composition of these stainless steels. 

In addition, nine other standard materials, previously available but recently out of stock, have 
been renewed. Of these, No. 158a is a standard copper alloy (silicon bronze), No. 3a is a standard 
white iron in chip form, Nos. 83c and 84g are standards of purity (arsenious oxide and acid potassium 
phthalate, respectively) and the remaining five are rubber or rubber-compounding standards (sulphur : 
371d; stearic acid: 372e; benzothiazyl disulphide: 373e; oil furnace black: 378a; styrene- 
butadiene, type 1500: 386d). 
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Guides to Guides to Scientific’Literature 

About 40 % of the references to Scientific literature are obtained from abstracting and indexing 
periodicals. There are now about 2,000 of these. Two useful guides to abstracting and indexing 
publications exist. They are 

A Guide to the World’s Abstracting and Indexing Services in Science and Technology: National 
Federation of Science Abstracting and Indexing Services, Washington, D.C., 1963 ($5.00) 

obtainable from: 
National Federation of Science Abstracting and Indexing Services, 324 East Capitol Street, 
Washington, 3 D.C., U.S.A. 

and 
Index Bibliographies, 4th Edition, Vol. 1: Science and Technology: Federation lnternationale de 
Documentation, The Hague, 1959 

obtainable from: 
Federation Intemationale de Documentation, 
6 Willem Witsenplein, The Hague, Netherlands. 

BUNDESREPUBLIK DEUTSCHLAND 

6. Juni bis 2 Juli 1964: Deutschsprachlge Spektrometer-Tagung: Frankfurt/Main. 

Die Fachgruppe “Analytische” der Geselleschaft Deutscher Chemicker, der Deutsche Arbeitskreis 
ftir Spektroskopie, die Arbeitsgruppe Massenspektrometrie der Deutschen Physikalischen Gesellschaft 
und die Chemikerausschiisse der Gesellschaft Deutscher Metallhtitten- und Bergleute, des Stein- 
kohlenbergbauvereins und des Vereins Deutscher Eisenhtittenleute veranstalten gemeinsamam eine 
Tagung tiber “Modeme Methoden der anorganischen Analyse”. Diese Tagung sol1 vom 5. -7. 
Oktober 1964 in Diisseldorf stattfinden. 

Es sind folgende Hauptthemen fiir die Tagung vorgesehen: 
1. Nichtmetalle in Metallen. 
2. Analyse von Verbindungsforrnen und ihre Verteilung im festen Zustand 
3. Probenahme 
4. Erfassen und Verwerten analyrischen Zahlenmaterials. 

Zu diesen Themen werden Hauptvortrage von folgenden Kollegen gehalten: 
Prof. Dr. J. FISCHER, Frankfurt (Gruppe 1) 
Prof. Dr. W. KOCH, Duisburg (Gruppe 2) 

Dr. ZETTLER, Hamburg, und 
Dipl.-Ing. SPORBECK, Essen (Gruppe 3) 

N.N. Gruppe 4) 

FRANCE 

La Commission Internationale d’Essais “C.I.E.” du COMITE INTERNATIONAL DE LA 
DETERGENCE (C.I.D.) a tenu, sous la presidence du Dr. GOTTE (Allemagne), sa session annuelle 
les 23 et 24 Mars 1964 a Diisseldorf, sur aimable invitation du Deutscher Ausschuss fiir Grenz- 
fichenaktive Stoffe. 

C’est la 7eme fois que les pays membres de cette Commission sont appeles ainsi a se reunir depuis 
sa fondation, et 10 pays ont repondu a cette invitation: Allemagne, Autriche, Belgique, Espagne, 
France, Italie, Pays-Bas, Portugal, Royaume Uni et Suisse. L’INTERNATIONAL ORGANI- 
ZATION FOR STANDARDIZATION “I.S.O.“, qui suit tous les travaux du C.I.D., avait delegue 
un de ses collaborateurs. 

Les travaux de la C.I.E. &ant consider& comme suffisamment avan& sur un certain numbre de 
sujets, il a ete decide que 5 projets de normes pouvaient Btre adopt& definitivement et seraient 
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p&sent& dam le courant de l’annbe au ComitC Technique ISO/TC-91 “Agents de Surface” pour 
homologation sur le plan international. 11 s’agit des normes suivantes: 

Stabilit6 des agents de surface & l’eau dure, 
Eau distill& (conditions requises pour essais physicochimiques relatifs aux agents de surface), 
Eau dure (dkfinition et proprietes), 
Masse volumique apparente des pates, 
Point de trouble des agents de surface non-ioniques selon la m&hode au butyldiglycol. 
Le nombre des travaux soumis & l’ISO/TC-91 par la C.I.E. se trouvera ainsi port& & 9. 
Par ailleurs, les membres de la C.I.E. effectueront des essais inter-laboratoires dans leurs pays, 

pour ameliorer ou v&ifier certaines etudes actuellement au stade experimental: 
SolubilitC des agents de surface, 
Pouvoir protecteur vis-A-vis des savons calcaires, en utilisant un savon pr6par8 ?I l’avance, 
Tension superficielle selon une m&hode dite “de la bulle par pression”, pur laquelle un appareil 
nouveau a CtB mis au point en Allemagne. Les mesures seront compar&s ~3 celles du pouvoir 
mouillant sur coton. 
Viscosite des agents de surface sur appareils Roto-Visco et Rhbomat, 
Stabilite des solutions d’agents de surface, en utilisant la chromatographie par couche mince, 
Mesure de la couleur par comparaison de diffkrentes echelles colorim&triques, 
ContrBle du lessivage ZI l’aide de bandes-temoins non souillbes; un groupe de travail a et& 
sp&ialement cr66 ?I cet effet et fait appel au contours de techniciens du lavage. 
Enfin, un travail bibliographique et documentaire sera entrepris pour diffkrentes questions 

necessitant encore de longues &udes, telles que les pouvoirs detergent, dispersant, Bmulsionnant et la 
stabilitC des Emulsions, la concentration critique de micelles, I’action des oxydants et leur influence sur 
les taches, la prkparation des detergents en pastille, le dish washing test et al tension d’adhesion. 

Ce programme de travail est important et n&zessite, de la part des laboratoires, de longues et 
patientes recherches mais leurs efforts s’adrent, de par les rksultats deja obtenus, particulierement 
fructueux et appr&ci& sur le plan international. 

Rappelons que le but de la Commission Internationale d’Essais est de mettre au point des m&hodes 
d’essais facilement reproductibles et utilisables de par le monde. C’est pourquoi elles sont Btablies 
selon un sch6ma uniformisb et recommandent des appareillages connus de tous les techniciens. 

La prochaine session de la C.I.E. aura lieu en Mars 1965, sur invitation du British National 
Committee on Surface Active Agents, et elle se dbroulera & Londres. 

UNITED KINGDOM 

Thursday-Suturduy 2-4 July 1964: Symposium on Pollution: Society for Analytical Chemistry, 
Western Section: University College, Singleton Park, Swansea. 

The programme is as follows: 
Thuriday, 2 July: Morning 

Ooeninp Address-Environmental oolIution. D. T. LEWIS 

The eflicts on industry of recent IlgisIation on the discharge of trade efluent. A. I. BIGGS 
Thursday, 2 July: Afternoon 

Water pollution with respect to sewage. S. H. JENKINS 
Water pollution of all kinds. L. KLEIN 

Friday, 3 July*: Morning 
Atmosoheric Dollution. 
Effect; of pollution on vegetation. 

Friday, 3 July: Afternoon 

S. G. BURGESS 
J. WEBBER 

Lecture and visit to the Lower Swansea Valley Project. 
Saturday, 4 July: Morning 

Biological eflects of pollution. R. D. BRINKHURST 
Tidal pollution. P. N. J. CHIPPERFIELD 

Further information may be obtained from Dr. T. G. MORRIS, Brockleigh, Clevedon Avenue, 
Sully, Glamorgan. 

Thursday-Friday 2-3 July 1964: Summer Meeting on Limitations of Detection in Spectrochemical 
Analysis: Institute of Physics and Physical Society, Spectroscopic Group: University of Exeter (see 
Talanta, 1964, 11, Abril,;i). ’ 

. 1 

Sundav-Suturdav 19-25 Julv 1964: Third International Connress for Polarography: Poluro- 
graphic Shciety: UAiversity of Southampton. 

- -. 

Tuesday 28 July 1964: Lecture by W. KEMULA : Society for Analytical Chemistry and Polarographic 
Society: Burlington House, London W. 1. 
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British Staadards Institution has announced the following New British Standard: 
B.S. 1128: Methods for the analysis of aluminium and aluminium alloys: Part 13: 1964: Methodfor 
the determination of titanium in aluminium and aluminium alloys (absorptiometric chromtropic acid 
method). This specifies reagents required, recommended methods of sampling and analytical 
procedure for the determination of titanium in alloys having a titanium content between O+lO5 and 
0.3 %. (Price 4s.) 

The following Amendment Slip has also been announced : 
B.S. 1016: Methods for the analysis and testing of coal and coke: Part 1: 1957: Total moisture of coal. 
Amendment No. 1: PD 5146. 

UNITED STATES OF AMERICA 

Tuesday-Thursday 6-8 October 1964: Eighth Conference on Analytical Chemistry in Nuclear 
Technology: Analytical Chemistry Division of Oak Ridge National Laboratory: Mountain View Hotel, 
Gatlinburg, Tennessee. 

The subject will be Determination of Interstitials and Trace Constituents in Reactor Materials and 
Products. The Conference will be composed of six sessions embracing the following subtitles: 

1. Spectrochemical and X-ray Methods of Analysis. 
2. Mass Spectrometric Methods of Analysis. 
3. Nuclear Methods of Analysis. 
4. Gas Chromatographic Methods of Analysis. 
5. Determination of Carbon, Hydrogen, Oxygen and Nitrogen in Metals. 
6. Determination of Trace Constituents by Diverse Methods. 
Participation in the Conference will be on the basis of invited contributions. However, a limited 

number of papers, up to 25 min in length, are solicited and will be accepted provided the subject 
matter of such contributions fits in with the over-all objectives of the Conference and meets with the 
approval of the Programme Committee. 

Those who wish to make contributions are requested to submit an abstract of 200-500 words not 
later than 10 July, giving the name of the intended speaker and the amount of time that will be 
required for the presentation. Abstracts of papers and any enquiries concerning the Conference 
should be directed to C. D. SUS~NO, Oak Ridge National Laboratory, P.O. Box X, Oak Ridge, 
Tennessee. 

Monday-Thursday 19-22 October 1964: 78th Annual Meeting of Association of Official Agri- 
cultural Chemists: Marriott Motor Hotel, Twin Bridges, Washington D.C. 20044. 

The programme will have almost 300 scientific papers on analysis of foods, drugs, cosmetics, 
food and colour additives, beverages, pesticides, extraneous materials in foods and drugs, fertilisers, 
feeds, and many other commodities important to agriculture and public health. In addition, six 
outstanding European scientists will present key addresses to general sessions on such topics as 
drugs, pesticides, food laws, chromatography detectors, food additives and fish composition. The 
six invited speakers are: J. A. LOVERN (Scotland); J. F. R~rru (Netherlands); D. C. GARRATT, 
A. T. JAMES (England); H. CHEF~EL (France) and FINN BRO-RASMUSSEN (Denmark). Dr. D. T. LEWIS, 
Head, Laboratory of the Government Chemist, England, will keynote the Monday evening banquet 
with his address, The Changing Environment of Mankind. Another feature of the banquet will be 
honoring the winner of the Harvey W. Wiley Award for notable contributions to analytical 
methodology. 

The meeting will include about 30 exhibits of the latest equipment and supplies for analytical 
chemists. Other information is available from LUTHER G. ENSMINGER, Association of Official 
Agricultural Chemists, Box 540, Benjamin Franklin Station, Washington, DC. 20044, U.S.A. 

The ORNL. Master Analysis Manual is a collection of the analytical methods developed and used 
in the Analytical Chemistry Division of Oak Ridge National Laboratory. The manual was begun in 
1963, but includes methods used earlier. In 1957, the Office of Technical Services of the U.S. 
Department of Commerce reprinted the unclassified sections of the manual for public sale and since 
then has issued annual supplements that contain reprints of new or revised methods. 
parts are designated TID-7015. 

These reprinted 

The Oak Ridge National Laboratory has now published a paperbound volume which consists of 
a key word index composed from method titles, a bibliographic index that is equivalent to a table 
of contents for the manual, an author index, and method-number cross indexes. The bibliographic 
index gives the complete history and current status of every method. The titles entered in this 
publication are those of all unclassified methods included in the manual from 1953 through 1962. 



iv Notices 

The indexes will be brought up-to-date annually. This publication, TID-7015 (Indexes), is available 
from the U.S. Department of Commerce, Office of Technical Services, Washington, D.C. 20230 
($2.50). 

The publication of Nuclear Magnetic Resonance Abstracts has been announced. This is intended 
to include the total world literature on all aspects of nuclear magnetic resonance; theoretical and 
apphed papers in both high resolution and broad line areas, techniques, apparatus, etc., will be 
covered. The abstracts will be in English. Further information is available from Preston Technical 
Abstracts Co., 1718 Sherman Avenue, Evanston, Ill. 60201. 

The American Society for Testing and Materials has announced the publication of Report on 
Available Standard Samples, Reference Samples, and High-Purity Materials for Spectrochemical 
Analysis (1963): STP 58-E. This provides an up-to-date reference to the availability and sources of 
5050 samples and materials. The introduction presents the scope and form of the report and a 
discussion of definitions and nomenclature. 

The following parts of the 1964 Book of ASTM Standards are now available: Part 30: General 
Testing Methods: Quality Control: Appearance Tests; 
Temperature (Price $11.00; $7.70 to ASTM members). 

Temperature Measurements; Effects of 

Part 31: Metalhagy; Nondestructive Testing: Radioisotopes and Radiation Ejects; Industrial 
Chemicals; Emission, Absorption and Mass Spectrometry (Price $12.00; $8.40 to ASTM members). 
Part 32: Chemical AnaIysis of Metals (Price 914.00; 169.80 to ASTM members). 
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The Fifth Report on Reagents and Reactions for Qualitative Inorganic Analysis, prepared by the 
Commission on Analytical Reactions of the Analytical Chemistry Division of I.U.P.A.C. has now been 
published (Pure and Applied Chemistry, 1964, 8, No. 1). 

CANADA 

Monday- Wednesday l-3 June 1964: 47th Annual Meeting of Chemical Institute of Canada: 
Kingston, Ontario. 

The programme for the Analytical Chemistry Division is as follows. 1 t should be noted that 
Sessions I and II on 1 June will be concurrent. 

Monday, 1 June Morning-Professional development seminar statistics 

Statistics applied to production. R. VANCE WARD 
Des&red experiments. N. SAWYER 
Evolutionary operation. B. BONNER 

Monday, 1 Jane, Afternoon 
Session I 

A definition of the chemical sampling and smoothing problem. 
Statistical evaluation of routine test methods. 
Using statistical inference in development of analytical methods 
Qualitative aspects of surface chemistry in polarographic maxima 

suppression. 
Session II 

Process analysers: Philosophy and experiences. 
Conductometric determination of salt in crude oils. 
Some analytical applications of vacuum spark mass spectro- 

graphy. 
Analytical instruments in Shell’s Oakville rejnery. 
Carboxvl groutr response in flame ionisation detectors. 

G. A. COULMAN 
A. G. WOOD and M. L. YEO 
C. G. MILLER 
R. G. BARRADAS and F. M. 

KIMMERLE 

R. 0. CLARK 
R. E. BoRUP 
E. R. BLONDER 

L. KORCHINSKI 
R. G. ACKMAN 

Determ>m”tioi of ‘ethanol 2nd some other volatiles in blood, B. B. COLDWELL and G. L. GRANT 
urine and tissue by gas-liquid chromatography. 

Tuesday, 2 June, Morning-Quality control and laboratory administration 

Quality control and laboratory administration. S. fhCiIA 

Minimising the risk concept in laboratory safety. E. A. CROCKETT 
A format for writing analytical test methods. J. RU~SEL 
Administration of a modern centralised petrochemical analytical W. H. WEBSTER 

laboratory. 
Use of spectrophotometry in inspection services. M. T. ANTONIADES 

Tuesday, 2 June, Afternoon-Panel discussion:, Management assays the image of the analytical 
chemist 

Personnel director: D. S. KIRKBRIDGE 
Management consultant: G. M. CURRI~ 
Industrialist: J. C. LANGFORD 
Director of quality control: D. S. JACKSON 

Wednesday 3 June, Morning--Panel discussion: Application of instruments to analytical chemistry 
Mass spectrometry: R. T. MOIR 
Spectrophotometry: M. M. ANTONIADES 
Emission spectroscopy: D. BENDER 
High resolution NMR: J. F. HANLAN 
Infrared spectrosc0p.v: R. M. B. SMALL 
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FEDERAL GERMAN REPUBLIC 

Friday-Sarurday 19-27 June 1964: European Convention of Chemical Engineering 1964, including 
1964 ACHEMA Congress: Frankfurt am Main (see Taluntu, 1964, 11, February, i). 

UNITED KINGDOM 

Tuesday, 9 June 1964: Galvanic Analysis: P. HERSCH: Society for Analytical Chemistry, Mid- 
lands Section with Royal Institute of Chemistry, Birmingham and Midlands Section and Polarographic 
Society and Guild of Associates of Birmingham College of Adusnced Technology: 
ton, Birmingham 15: 6.30 p.m. 

University, Edgbas- 

Wednesday 17 June 1964: Discussion Meeting: Society for Analytical Chemistry, Microchemistry 
Group: The Feathers, Tudor Street, London E.C.4: 6.30 p.m. 

Thursday-Friday 27-28 August 1964: Conference on Recent Advances in Activation Analysis: 
University of Glasgow. 

The Conference will be conducted under the following general themes: 
(a) Instrumentation and techniques 
(b) Biological and medical applications 
(c) Industrial applications 
(d) Future trends. 

Further information can be obtained from Dr. J. M. A. LENIHAN, Regional Physics Department, 
Western Regional Hospital Board, 9-13 Graham Street, Glasgow C.4. 

Monday-Tuesday 14-l 5 September 1964: First European Colloqaium oa Ekctrou-Probe X-Ray 
Microanalysis: Institute of Physics and Physical Society, Electron Microscopy and Analysis Group 
and Sous-Commission Microsonde of Fran@: Delft, Holland. 

The Colloquium will be divided into three main sessions: instrumentation, quantitative micro- 
analysis and applications. An invited survey will precede each of the main sessions. Advance 
registration is necessary and application forms and further details are available from Administration 
Assistant, Institute of Physics and Physical Society, 47 Belgtave Square, London S.W.1, England. 

British Standards Institution has announced the following New &&k/r Stanaisrd: B.S. 1748: 
Methods for the analysis of copper alloys: Parts 1 I-12: 1964: The determination of copper and Iead 
in leaded-bronze alloys. Part 11 specifies reagents required, recommended methods of sampling and 
test procedure for the determination of copper in copper alloys containing lead in the range 7-25%. 
The method is applicable to copper contents in the range 70-90%. Part 12 specifies reagents required, 
recommended methods of sampling and test procedure for the determination of lead inwpper alloys 
containing lead in the range 7-25 %. (Price 4s.) 

UNITED STATES OF AMERICA 

Monday-Wednesday l-3 June 1964: 10th National ISA Aualysis Instrumentation Sympositmt; 
Instrument Society of America, N. California Section: Sheraton-Palace Hotel, San Francisco, Cali- 
fornia. 

The advance programme is as follows: 

Monday morning, June 1 
A systematic review of the research programme for Instru- 

mental Analysis at the Technical University in Eindhoven, 
Holland. A. I. M. KEULEMAN~ 

Analysis instrumentation in the petrochemical industry. THEODORE W. EVANS 

Monday afternoon, June I : AIR POLLUTION 

The phenomena of light scattering by fine particles in relation 
to air-pollution instruments. J. RAYMOND HODKINWN 

Exhaust inspection instrumentation. CHARLES HEINEN 
Collecting representative exhaust gas samples. RICHARD W. HURN, JAMES 0. CHASE 

and RALPH D. FLEMING 
Instrumental measurement of contamination in clean rooms 

for proposed federal standard 209. PAUL L. MAGILL 
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Monday afternoon, June I : ELECTROCHEMICAL AND CHEMICAL METHODS OF 
ANAL YSiS - 
Electrochemical transducers for water quality. 

Analogue simulation design of a highiy$vmzmic pH control 
system. 

Membraneless potentiometric analysis of dissolved oxygen in 
process streams. 

Process polarograph for measwitg PPM H,S. 
A new process analyser for hydrogen. 

CURTIS E. BORCHERS, R. W. R~IBLE 
M. K. TESTERMAN and R. W. 
ROMINE 

ROBERT M. GREEN 

KENNETH K. KONRAD 
BERNARD L. CONNELLY 
JAMES J. MCKINLEY and EDWARD A. 

HIN~LE 

Tuesday morning, June 2: LABORATORY METHODS OF ANAL YSlS-4 
Determination of molecular we@hts of high melting point HARRY C. EHRMANTRAUT and LEON 

polymers. E. HIAM 
Role of EPR in free radical chemistry. LAWRENCE H. PIETTE 
Present status of high resolution NMR spectroscopy. JAME.Y N. SH~~LERY and LEROY F. 

JOHN=S~N 

Tties&y morning, June 2: RAD~ATiUN METHODS OF ANALYSIS 
Radiationgauging breakthrough. CHARLES 0. BADGETT 
Application of actuation analysis in the petroleum and chemical 

industries. FRANK A. IDDINGS 

Tuesday morn@, June 2 
Ma&ttenance Workshop (morning session) 
Discuss~ott of Phznt Analysers 

Tuesday afternmm, June 2: LABORATORY METHODS OF ANAL YSIs-4 
Preparative GC for analytical purposes, ROY TERANISHI 
Modern electroanalytical techniques. RICHARD PIERXJN BUCK 
A mathematicalprocedure for referml of day-to-day anaIytica1 

data to an original working curve, with emphusis on X-ray 
emission techniques. Wii.uAM F. L~RAN~ER 

Tuesday afternoon, June 2 : PH YSKAL PROPERTIES ANAL YSIS 
Automatic pour point testers. W. V. CROPPER and G. L. HAUMOXD 
Haze point analyzer. D. J. GENIE~~E 
Design and performance of the piezoeiectric sorption hygro- W. H. KING, JR., H. M. CRAWFORD 

meter. T. J. MESH and J. J. HEIGL 

Tuesdrry after~on, June 2 
Maintenance Works~p (afternoon session) 
Panef on instrumt maintenance 

We&esday moq, June 3 : GAS CHROMATOGRAPHY-I: PROCESS 
Simtdm analysis and BTU &termination of natural gas. BRYAN THOMPSON and RICHARD C. 

CAV~NAH 
New a’et%ctors for gas chrmnat~raphy. D. M. COULSON 
Bq& ~~~~raphy. L. E. MAZEEY 

Wednessdy m&me, June 3 : OPTICAL METHODS OF ANAL YSIS 
A vematile process p&&wmter. ROBERT S. SALTZMAN 
&me photometry instrumerttation at Indian Point nuclear 

power plant. W. A. CRANDALL 
Film coating monitoring by non-dispersive infrared. ROBERT L. CHAPMAN and WILLIAM P. 

H~UBEN 

W&es&y mar&g, Jmte 3: LABORATORY METHODS OF ANALYSIS-III 
A close&loop laboratory Iiquid fea’er. LEWIS FOW~ER and WALTER N. 

TRUMP 
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Advances in analytical emission fTame spectrophotometry. PAUL T. GILBERT, JR. 
Atomic absorption spectrophotometry. WALTER SLAVIN 

Wednesday afternoon, June 3: GAS CHROMATOGRAPHY-II: LABORATOR Y 
A programmed attenuatorfor laboratory gas chromatography. LEWIS FOWLER. R. L. MCKINLEY and 

W. N. TRUMP 
Generalisations ofgas chromatography to study vapour-solid 

and vapour liquid equilibrium in multicomponent mixtures 
at elevatedpressures. R. KO~AYASHI 

A simple apparatus for reproducibly packing gas chromato- 
graphic columns. R. Vr~r~toaos and G. R. Nuss 

Application of switching valves in laboratory gas chromato- 
graphy. C. B. MCKINNEY and D. CARLE 

Wednesday afternoon, June 3: USE OF PROCESS STREAM ANALYSERS IN ON-LINE 
COMPUTER SYSTEMS 
Instream analysers aid in computer control. 
Gas stream ana{ysers in computer process control. 

J. C. RHODES and B. A. RITZEN~HALER 
JOSEPH C. LANDWEHR, LLOYD J. 

BOESCH and EVERETT M. WOLVER- 
TON 

Chromatographs mated to digital computer implement process 
Studies. W. H. WILLIAMS and M. C. BURK 

Tuesday-Friday 2-5 June 1964: 15th Ammal Mid-America Symposium on Spectroscopy: Sheraton- 
Chicago Hotel, Chicago, Illinois. 

Sunday-Friday 7-12 June 1964: 12th Annual Conference on Mass Spectrometry and Allied Topics: 
ASTM Committee E-14: Sheraton-Mt. Royal Hotel, Montreal, Canada. 

Mom&y-Friday 15-l 9 June 1964 : Symposium on Molecular Structure and Spe&oscopy : 
ment pf Physics, Ohio State University. 

Depart- 

$ata+Friday 21-26 June 1964: Annual Meeting of ASTM and 16th Materials Testing Exhibit: 
Conrad Hilton Hotel, Chicago, Illinois. 

Wednesday-Friday 24-26 June 1964: Summer Symposium on Recent Developments in Structure 
Determination: American Chemical Society, Division of Analytical Chemistry: Cornell University, 
Ithaca, N.Y. : (see Talanta, 1964, 11, April vii). 

Wednesday 30 September-Thursday 2 October 1964: 1lthNatiomUVacuum Symposium; American 
Vacuum Society: Pick Congress Hotel. Chicago. Illinois. 

The Programme Commi&e solicits the s&mission of contributed papers from those who have 
new and original work to report. Abstracts (150 words, in triplicate) should be submitted by 1st 
July to G. H. BANCROFT, Bendix-Balzers Vacuum, Inc., 1645 St. Paul Street, Rochester, New York. 

Wednesday-Friday 21-23 October 1964: 12th Anacbem Conference and Instrument Exhibit: 
Association of Analytical Chemists (an affiliate of ACS Detroit Section) in collaboration with Optical 
Society of America, Detroit Section: McGregor Memorial Conference Center, Wayne State Uni- 
versity, Detroit, Michigan. 

It will feature symposia in many fields of interest, including thermal methods of analysis, organic 
functional group analysis, micro analysis, spectroscopy (emission, absorption, X-ray), etc., and 
automation in analytical chemistry. 

Further information can be obtained from C. M. GAMBIULL, Co-Chairman of the Publicity 
Committee, Ethyl Corporation, 1600 West 8 Mile Road, Detroit 20, Michigan. 
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INTERNA’I’IONAL UNION OF PURE AND APPLIED CHEMISTRY 

Division of Analytical Chemistry 
Commission on Microchemical Techniques 

International Investigation into Errors ln Elementary Organic Microanalysis 

The deadline for this investigation (see Tahntu, 1964, 11, April, i) has been extended until 1st 
September, 1964. 

BELGIUM 

Monday-Saturday 7-12 September 1964: Fourth International Congress on Sarface-Active 
Substances; ComitC International de la Detergence: Universitk Libre de Bruxelles, 48 Avenue 
Franklin Roosevelt, Bruxelles 5. 

Surface-Active Substan&. The provisional papers 
follows : 

The scientific meetings are divided into three sections, of which Section A is on Chemistry of 
in Group A/IV, Analytical Methods, a& ai 

Analysis of fatty alcohol and alkyl phenol ethylene 
oxide condensation products. 

Direct determination of anionics in the anionics- 
ampholytics-nonionics ternary system. 

Separation and determination of nonionics in 
anionics-ampholytics-nonionics ternary mixtures. 

Development of an analytical method for deter- 
mination of alkyl benzenesulphonute in surface 
waters and sewage. 

Determination of alkyl napthalenesulphonate in 
tomato products. 

Methodes d’analyse des esters de saccharose et 
des sucroglycdrides. 

Contribution d I’analyse des Polyethylt%eglycols et de 
leurs mono&hers, par chromatographie sur papier 
de leurs esters 3,5-dinitrobenzoiques. 

Analyse des poloxy&hylPneglycols commerciaux par 
chromatographie en phase gazeuse de Ieurs derives 
dimethyl& et dichlores. 

Novel methods of isolation and identification of 
odiferous compounds in polypropylenebenzene- 
sulphonate. 

Etude sur l’application de la technique chromatog- 
raphique sur couches minces d I’analyse des 
melanges des agents de surface (note ZZZ’ des 
recherches sur la chimie analytique des agents de 
surface). 

Recherches sur le fractionnement et la composition 
de la fraction non sulphonee dans une p&e 
alkylarene-sulfonates. 

Untersuchungen der in der Textilindustrie angewen- 
deten Makromolekularen ober$&henaktiver Stoffe 
mittels der polarographischen Maximadiimpfungen 
bzw. der oszillo-polarographischen kapazitiven 
Striime. 

Estimation of alkyI phenol ethylene oxide aaiiucts in 
soil. 

i 

P. VOOGT 

Y. IZAWA, Y. OCATA and W. KIMLJIXA 

W. KIT and Y. IZAWA 

Y. DESOUKY 

Y. DESSOUKY 

M. Roussos 

H. GAIJTHIER et M. G. MANGENEY 

R. CELADPS et C. PAQUOT 

W. K. SEIFERT 

A. ARPINO et V. DE ROSA 

A. ARPINO, V. DE R~,TA et G. JACINI 

A. GERGELY 

B. WEIBULL 
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Verteilung zwischen Wasser und ~~lroform van den 
~erbi~~~en aus n-Nonylbenzolsulfonut und einige 
n-Alkyltrimethyla~oniumbromi~n. M. HELLSTEN 

Further information is available from the General Secretariat of the Congress, 49 Square Marie- 
Louise, Bruxelles 4. 

Monday-Tuesday 14-15 September 1964: Third International Symposium on Chromatography; 
Belgian Society of Pharmaceutical Sciences : Universite Libre de Bruxelles, Faculte de Medecine, 
115 boulevard de Waterloo, Bruxelles 1. 

Papers will be presented on theoretical aspects and practical applications in the following fields: 
Biological Analytical Chemistry, Photochemistry, Analysis of Medicaments, Food Chemistry, Toxicology 
Industrial Chemistry and Synthetic Products, R~o~otopes-Traders, Techniques, Apparatus, Solvents, 
Reagents. The following Plenary Lectures will be given: 
D~ter~‘~tion de la nature de la Iiaison 

mu~o~lyoside-protege d&s les glu~oprot~ides. J. Mo~~~ 
~hro~tography in toxicological analysis. A. S. CURRY 
Sur l’identt~cation des composes dans la chroma- 

tographie en phase gazeuse. A. I. KEULEMANS 
Neue tech&ken und fortschrgte auf dem gebiet der 

dunnschikt-Chromatographie. E. STAHL 
Further information is available from the Secretariat of the Belgian Society for Pharmaceutical 

Sciences, 11 rue Archimede, Brussels 4. 

CZECHOSLOVAKIA 
Wednesday 26 August-Friday 4 September 1964: Third European Regional Conference on Electron 

hGxoscopy ; Prague. 
FRANCE 

Money-Friday 14-18 September 1964: International Conference on Mass Spectrometry; Com- 
mittee E-14 American Society for Testing and Materials, ~roupement pour i’ilvancement des Methods 
S~ctrogruphiques, Institute ofPetroIeum: Salle La R~hefoucauld-Lian~urt, 9 bis, Avenue d’Iena, 
Paris 16e. 

The programme is as follows: 

Monday, 14 September, Morning 
Determination precise des masses atomiques. J. MA~AUCH 

Instrumentation and Advanced Techniques 

Production ofjeld ionisation mass spectra with a 
sharp edge. A. J. B. ROBERTSON and B. W. V~EY 

Progress of experimental techniques, applications 
and theory of field ion mass spectrometry. H. D. BECKEY 

Mass spectrometric studies of the species of particles 
leaving a mo~erystalline target in a charged or 
uncharged state under high-energy ion 
bom~rdment. M. KAM~NSKNY 

Microanalyse par &mission ionique seeondaire. R. CUTAING et G. SLODZIAN 

Monday, 14 September, Afternoon-Analysis of Solids 
Analysis of solids by mass spectrometry. R. E. HONIG 
Essai d’analyse absolue par spectrometrie de masse ci M. DESJARDINS, R. STEFANI, R. BOURGUELOT 

Ctincelles. et A. CORNU 
Qualitative analysis by spark source mass J. S. HALLIDAY, P. SWIFT and 

spectrometry. W. A. WOUTENHOLME 
Contribution to the investigation of background e$ects 

in spark source mass spectrography. H. MAI 

Tuesday, 15 September, Morning-Ion Collisions 
ion-molecular reactions. V. TALROSE 
Ionisation eflciency measurements by the retarding 

potential di$erence method. S. TSJDA and W. H. HA&~.L 
Appearance potentials obtained from a study of 

organic chlorides. M. BALDWIN, A. MAC~OLL and S. I. MILLER 
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Positive and negative ion mass spectra of phosphorus 
compounds. 

Ionisation cross-section measurements for 05-20 keV 
electrons in atomic and molecular gases. 

A new type of formation of secondary negative ions in 
a mass spectrometer. 

Studies of atomic impact phenomena on metal surfaces 
with a pulsed molecular-beam mass spectrometer. 

Tuesday, 15 September, Afternoon 
Ion molecular reaction cross sections. 
The “stripping” and “inelastic complex” model in 

ion-molecule reactions. 
Reactions molecule-ion dans le cyanogene et l’acide 

cyanhydrique. 
A high pressure mass spectrometric study of 

neopentane. 
Study of unimolecular and bimolecular reactions of 

ions using a pulsed ion source. 
Charge transfer collisions by ground state ions. 
E$ect of excitation energy on charge transfer 

reactions. 
Charge transfer and atom transfer in ion-molecule 

interactions studied by a time-of--flight mass 
spectrometer. 

H. HALMANN and Y. KLEIN 
B. L. SCHIUM, A. J. H. BOERBOOM, 

M. J. V.D. WIEL and F. J. DE HEER 

A. HENGLEIN and G. JACOBS 

M. KAMINSKY 

C. F. GIESE 
A. HENGLEIN, K. LACHMANN and 

G. JACOBS 

M. INOUE et M. COTTIN 
M. J. HENCHMAN, H. T. OTHWINOWSKA 

and F. H. FIELD 
A. G. HARRISON, T. W. SHANNON and 

F. MEYER 
J. T. SCOTT and J. B. HASTED 

F. W. LAMPE 
J. B. HOMER, R. S. LEHRLE, J. C. ROBB 

and D. W. THOMAS 

Wednesday, 16 September, Morning-Theory of Mass Spectra 
Mass spectra theory of small molecules. H. M. ROSENST~CK 
Structure Clectronique des alkanes ionises. J. C. L~RQUET 
Unimolecular ion decompositions. F. W. MCLAFFERTY 
Etude par la methode de deviation des distributions 

d’energie cinetique &ions form& par impact 
electrique. J. DURUP, J. APPELL et F. HEITz 

Mass spectrometric study of photoionisation of small 
molecules. V. H. DIBELER and R. M. REESE 

Effets isotopiques darts la dissociation par impact 
Plectronique des molecules triatomiques deuterhs. F. FIQUET-FAYARD et P. M. GWON 

Study of fragment-ions formation in mass spectra of 
1-butyne, I-pentyne, 1-hexyne, 1-heptine, l-octyne. Z. DOLETSEK, V. HANUS and K. VOKAC 

Thursday, 17 September, Morning-Measurements of Isotopic Abundances 
Precise atomic abundance measurements. H. HINTENBERGER 
Mesure de l’abondance relative et absolue des isotopes 

de lithium produits darts des reactions nucleaires a E. ALQRENT, R. KLAPISCH, E. GRADSZTAJN, 
haute energie sur des cibles metalliques. F. YIOU, M. &PHERRE et R. BERNAS 

Tandem mass spectrometer for precise analysis. L. G. RIDLEY 
Abunaimce of vanadium isotopes in well-characterised 

sources of geochemical interest. G. D. FLESCH, J. CAPELLEN and H. J. SVEC 
Preliminary report on half-life of tellurium-130 double 

b-decay. K. OGATA, J. OKANO and N. TAKAOKA 
Etude par spectromdtrie de masse des reactions du 

type L&p, 3p X n)Cs. NGUYEN LONG-DEN 
Analyse de bore par dilution isotopique au 

spectromktre de masse. M. CHEMLA et M. P~~RIE 
Isotopic analysis of boron as trimethyl borate by mass 

spectrometry. H. SANZ GARCIA 

Thursday, 17 September, Afternoon-High Resolution Mass Spectrometry 
Use of mass spectrometry in conjunction with other 

analytical techniques. H. POWELL 
Distinction entre pies moleculaires et pies de 

fragmentation du spectre de masse d’un melange 
complexe. J. CHAMPY et A. CORNU 
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Mass spectrometric investigation of di- and 
oligosaccharides and acylated peptides containing 
trifinctional amino acia!s. 

Mass spectrometry in natural product chemistry. 

Mass spectra of saturated cyclic nitrogen compounds. 
Application of high-resolution mass spectrometry in 

molecular structure studies. 
High resolution mass spectrometry of some large 

molecules. 
Combination of high resolution and low ionising 

voltages in determination of hydrocarbon and 
sulphur compound types in petroleum fractions using 
mass spectrometry. 

H. S-ANN, K. HEYNS and 
H. FR. GIJTZMACZHER 

M. BARBER. T. BRYCE. E. CLAYTON. 
H. C. HILL, A. M&ORMICK and. 
R. I. REED 

A. E. WILLIAMS 

A. L. BURLINGAME 
M. BARBER, R. M. ELLIOT and 

T. 0. MERRl3N 

W. K. REP, W. L. MEAD and K. M. B~WEN 

Friday, 18 September, Morning-Instrumentation and Advanced Techniques 

Some problems relating to thermal emission of ions in 
mass spectrometric &termination of isotopic 
abundances for neutron cross section measurements. 

Influence of oxygen on surface ionisation of some rare 
earth metals on tungsten and rhenium. 

Thermal ionisation of elements of high ionisation 
potential. 

Probkmes lies a I’obtention de rciponses rapides em 
spectrometrie de masse. 

Sector-type double focussing mass spectrometer. 
Application d grande echelle d’analyse chimique 

industriehe par spectrometrie de masse: 
Digitalisation des informations en spectrometrie 
de masse. 

Results of a new time-of--flight mass spectrometer 
developed at the reactor centre Seibersdorf. 

Mass spectrometric sampling and detection of 
intermediates for gaseous reactions. 

Mass spectrometric sampling of high pressure high 
temperature sources. 

R. BALD~CK 

W. WEIERHAUSEN 

D. A. CROUCH 

J. VASTREL et J. Du~oux 
M. SAKAI and M. GOTO 

P. DARD, J. GUIBORG, J. C. MERL~VAT et 
G. BERNARD 

M. J. HIGATSBERGER, F. RUDENAUER, 
F. P. VIEHB~CK and F. BUTXHBECK 

J. CUTHBERT 

F. T. GREENE and T. A. MILNE 

Friday, 18 September, Afternoon-Mass Spectrometry in General Chemical Research and in the 
Field of High Temperature Chemistry 

Review paper. P. LE GOFF et P. GOLDFINGER 
Etude de l’oxyaistion du tantale et du tungstene: 

Etude thermodynamique du systeme uranium- J. DROWART, F. DE GREVE, D. DETRY et 
dioxyde. A. PA~ORET 

Equilibres thermodynamiques darts le systdme Sb-0 
de’terminb avec le spectromdtre de masse. A. J. H. BOERB~~M et J. KLWEMAKER 

Etude thermodynamique de l’hemioxyde de soufre R. HAGEMANN, R. BAITER, G. NIEF et 
(S,O) par spectromdtrie de masse. E. ROTH 

A new-type offlow reactor for measurements of fast I. P. FISCHER, J. B. HOMER, B. ROBERTS 
thermal reactions. and F. P. LOSSING 

Etude par spectrometrie de masse de la pyrolyse de 
quelques composes organiques. E. COLLIN 

Mass spectrometric investigation of reactions 
involving free radicals. V. TALROSE 

Application of high temperature mass spectrometry 
to study of composition function of thermodynamic 
properties in non-stoichiometric compounds. K. A. GINGERICH 

Further information may be obtained from Secretariat du G.A.M.S., 1 rue Gaston-Boissier, 
Paris lSe, France. 

UNITED KINGDOM 

Sunaky-Saturday 19-25 July 1964 : Third International Congress of Polarography ; Polarographic 
Society: University of Southampton. 
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The following papers will he presented : 
Polarography in organic solvents (Presidential 

Address). I. M. KOLTHO~~ 

SECTION 1 .-Theory, Methods and Instrumentation 

Role of polarography in study of rapid electrode 
processes. 

Prospective developments in d.c. polarography and 
tensammetry. 

Determination of fat reaction processes at the 
dropping mercury electrode. 

Temperature coeflcients of the electric tension 
(electrode potential) of individual electrodes. 

Recent developments in d.c. polarography. 
Complex plane analysis of cell impedances. 

Determination of rate constants for dissociation and 
recombination of weak acids by High Level 
Faradaic Rectification. 

Shielding effect of the capillary tip and its influence 
on RF current distribution. 

G. C. BARKER 

B. BREYER 

M. FLEJSCHMANN 

G. M~LAZZO 
D. J. FISHER, W. L. BELEW and M. T. KELLEY 
M. SLWTWS-RBHBACK, D. J. K~~IJMAN and 

J. H. SLWTERS 

H. W. NURNBERG 

A. W. GARDNER 
Recent studies in high-resistance polarography. W. B. SCHAAP and P. S. MCKINNEY 
DtJiision-controlled electrolysis with gas injection 

through the porous electrode. 
Multi-sweep oscillographic polarography: Theory, 

instrumentation and applications in analytical 
chemistry. 

Square wave d.c. bridge polarograph. 
Alternating current polarography at stationary 

electrodes. 
Studies in subtractive and continuous polarography. 
An oscillopolarography using a magnetic a’eflecting 

cathode-ray tube. 
Application of transistors to polarographic 

instrumentation. 

D. B. SPALDING and P. L. DUFFIELD 

H. A. GLASTONBURY 
E. Nnu 
Yu. S. LYALIKOV, V. I. Bo~yu and 

L. G. MADAN 
K. G. POWELL and G. F. RE~NOL~ 

Y. YAsUMORl 

C. L. ROUGHTON 
Graphite indicating electrodes: Theory, 

methodology and applicability. P. J. ELVING and I. FRIED 
Moglichkeiten und Grenzen einer Striimungsapparatur 

mit Polarographischer Registrierung. E. BAUER and H. BERG 
Influence of salting-out effect on polarographic 

behaviour of pyridine. C. F%CASEE and L. GIERST 
Study of return of polarographic maxima in the I. RUSZNAK, A. GERGELY, I. KRALIK and 

function of the base electrolyte. V. KOMISZAR 
Reduction of hydrogen ions at the dropping mercury 

electrode. 0. H. MUELLER 
An interpretation of differential electrolytic 

notentiometers as a linear diffusion process. E. BISHOP and G. D. SHORT 
Auto-inhibition phenomena in ~olarography. E. LAVIRON and 01. DEGRAND 
Kapazittits und Inhibitions-Untersuchungen mit der 

Wechselstrompolarographie. H. JEHRING 
Investigation of adsorption phenomena occurring at 

the dropping mercury electrode. F. tiTER 
Application of cyclic chronopotentiometry to study 

of electrode reaction mechanisms. A. J. BARD and H. B. HERMAN 
Study of chronopotentiometric curves in current 

scanning polarography. E. LAWSON 
Fortschritte der Photo-polarographie. H. BERG 

SECTION 2.-Study and Analysis of Inorganic Systems 

Polarography and mechanism of electroreduction of 
carbon dioxide. P. T. SMITH 
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Poharographic studies of carbonate complexes of 
some metal ions. S. Mrsu~e and Y. MA~UDA 

Reditction, oxidation and disproportionation of 
uranium ions in sodium carbonate soiutions. M. BRANlcA and V. PRAvDlc 

In~ue~ce of pII and of the a’ouble layer on rate 
constants of reduction of oxygen on the dropping 
mercury electrode. J. KUTA and J. KORYTA 

A study of the polarographic behaviour of the system 
0,Pb”“. A. AREVALO and A. BAZO 

Polarography of s&hide-ion. S. ZHDANOV and B. KISELEV 
Polarographic determination of sulphur in organic 

compounds. G. RUSSELL 
La ~larograpbie de la reaction de ~activation de 

quelques ions complexes d~cidot~tra~l~ Cos”. R. RALJXA, G. BLJRLACU et D. GIURGIU 
La radio-polarographie aks maximas obtenuespar la 

reduction del’arsenic cataliseepar le cobalt et lefer. R. RALEA el: A. CECAL 
Polarographic investigation of metal 

acetylacetones-II: Cupric acetylacetonates. M. PETEK, L. JEETI& and M. BRANCIA 
Polarography of peniacyano-, tetracyano- and 

dicyano~obalt~IlI~ complexes: Electron-tra~fer 
mechanism of the electrode reaction. N. MAKI 

Polarographic studies of zirconium with Solochrome 
Violet RS in various supporting electrolytes. D. S. TURNHAM 

Polarographic behaviour of tervalent lanthanide ions V. A. HUERTAS, J. A. HUERTAS and 
in aqua-alcoholic media. J. S. GOMEZ 

Polarographic study of dibromotetraquochromium(lll) 
ion hydrolysis. J. IBARZ, A. M. CALVO and I. M. COS~A 

Determ-inati~n of composit~o* and st~ility constants 
of mercury(II j-thioacetamide complexes. 

Polarographic behaviour of metal ions in aged KOH 
solutions. 

Polarographic studies of ion binding : Zinc 
Polystyrene Sulphonate. 

Poiarographic determination of traces of molybdenum. 
Polarographic determination of mercury distribafion 

in mercuric chloride catalyst supported by activated 
carbon granules. 

Determination of trace metal impurities in zinc oxide 
and zinc salts. 

Polarographic investigations in acidic fluoride 
solutions. 

Some uses of solvent extraction in polarographic 
analysis. 

Application of single-sweep polarography to analysis 
of trace elements in sea-water. 

Continuous multipotential polarography in strong 
gamma-radiation field. 

T. D. SETH and R. C. KAP~~R 

P. BER~IER and F. V. STURM 

S. LAPANJE and S. OMAN 
H. WOGGON 

F. ZILIO-GRANDI, A. M. PERAZZOUI and 
L. FORNA~IERO 

R. J. BROWNING and G. F. REYNOLDS 
J. B. HEADRIDGE, A. G. HAMZA, 

D. P. HUBBARD and M. S. TAVLOR 

R. C. ROONEY and D. L. JONES 

G. WHITNACK 

Z. P. ZAG&RSKI 

SECTION ?.-Study and Analysis of Organic Systems 

Recent trends in organic polarogr~hy. P. ZUmN 
Oscillopolarographic study of reductions at high 

negative potentials. R. KALVODA 
Formation of surfacejilm by cyclohexane on 

mercury cathode. K. Tsun 
Effect of composition of aqueous-organic solvents on 

polarographic behaviour of organic compounds. S. MAIRANOV~KEI 
Polarographic investigation of innrlandione--1,3 and 

related compounds. J. STRADINS, I. TUTANE? and G. VANAGS 
Sopne observations about the connection between 

structure and adsorption at the DME of some 
aromatic sulphonic acids. G. PALYI 

Polarography of sulphilimines. M. VAJDA and F. RUFF 
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Polarography of some u-halogen substituted aldehydes 
in dimethylformamide. 

Polarographische untersuchung und Bestimmung von 
Krotonaldehyd im Technischen n-butylalkohol. 

Polarography of tropon and 2,3-dimethyl& 
benzotropon. 

Controlled potential electrolytic reduction of 
polycyclic aromatic hydrocarbons, and concurrent 
polarography and spectrophotometry of the 
reduction products. 

Contribution a l’etude polarographique de quelques 
aci-reductones. 

Polarographie et electrolyse a potentiel controle de 
derives aliphatiques gem-halogenonitres, gem- 
halogenonitroses et gemnitrosonitres. 

Role of surface active cations in electrode reaction 
mechanism of catalytic currents caused by organic 
compounds containing nitrogen. 

ober reversibilitiit und reversibilitdtsgrenzen von 
Azo-IHydrazo-Redoxreaktionen an der 
Hg-Tropfelektrode. 

Polarographic reversibility of the azobenzene- 
hydrazobenzene system with special reference to 
an absorption mechanism. 

Properties electrochimiques de l’hydrazo-9 acridine 
et de l’azo-9 acridine en milieu non-aqueux : Deux 
radicaux libres intermediares. 

Polarographic reduction of 4methylimidazol-2- 
ylthiosulphuric acid. 

Polarographische Untersuchungen der Kinetik und 
Mechanismus der Azomethinreaktionen. 

Polarographic behaviour of l-oxy-1,2,3,4- 
tetrahydroisoquinoline. 

Development of polarographic activity in some 
cyostatic agents containing nitrogen. 

Determination of residual fumaric and maleic 
esters in copolymer emulsions. 

SECTION 4.-Study and Analysis of Biological Systt 

New contributions to palladium polarography and 
their application to carbon monoxide determination 
in blood. 

Polarographische Sauersto$messungen mit der 
Quecksilbertropfelektrode and Festelektroden in 
Mikrobenkulturen und ihr Vergleich mit 
Redoxpotentialmessungen. 

Tissue p0, measurement with a miniaturized 
Clark-type electrode. 

Controlled potential electrolytic reduction of 
diphosphopyridine nucleotide and a number of 
model compounds : Polarography of oxidised and 
reduced forms. 

The Brdicka serum filtrate reaction applied to normal 
and cancerous menstrual fluids. 

Polarographic study of effect of gamma radiation on 
l-ascorbic acid. 

SECTION 5.-Study of Non-aqueous Systems 

Die polarographische Bestimmung kleinster Mehgun 
von Wasser und Stoffen mit aktivem Wasserstoff. 

Complex formation in polarography of aromatic 
compounds in organic solvents. 

N. MOE 

J. PAsCL4K 

A. POZD~EVA and S. ZHDANOV 

I. BERGMAN 

P. SOUCHAY, M. FLEURY and D. FLEURY 

P. SOUCHAY, J. ARMAND and S. DESWARTE 

E. PuNGOR 

L. HOLLECK 

B. NYG~RD 

C. CAUQUIS and G. FAWEUX 

R. A. F. BULLERWELL 

M. DE~ELIC 

K. GYORBIRO 

T. HORVATH and J. K. PAUNCZ 
J. S. DOUBLE, C. E. R. JONBS and 

G. E. J. REYNOLDS 

!mp 

R. PORTILLO, P. SANZ PEDRERO and P. RAMIS 

G. HORN and H. E. JACOB 

R. PENNEYS 

I. BERGMAN 

R. RAPPOLT 

R. P. LANSKY 

H. DEHN, V. GWCMANN and G. SCHOBER 

M. E. PEOVER and J. D. DAVIES 
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Voltammetric oxidation of aromatic compounds in 
acetonitrile. 

Polarographic studies in acetonitrile and 
dimethylformamt&: Behaviour of trighenyl- 
phosphine and related compounds. 

A simple quasi reference electrode: Apphcations in 
controlled potential polarography and voltammetry 
and in chronopotentiometry. 

A reference electrode for polarography in organic 
solvents. 

Electrochemistry in acetic anhydride: Behaviour of 
silver, mercury, gold and platinum electrodes and 
oxidation-reduction systems of iodine. 

Etude des ~maines d’electroactivitk a une electrode 
de platine poli de quelques ammoniacates liquids. 

Polarography in the eutectic aluminium chloride- 
sodium chloride potassium chloride. 

Polarography in molten fluorides. 
Oscillographic polarography in molten nitrates II” 

Association constants determination. 

T. A. GOUGH and M. E. PEOVBR 

S. WAWZONEK and J. H. WAGENKNECHT 

D. J. FISHER, W. L. BELEW and 
M. T. KELLEY 

G. P. KUMAR and D. A. PANTONY 

V. PLICHON and J. BADOZ-LAMBLIN~ 

J BADOZ-LAMBLING and M. HERLEM 
R. M. DE FREMONT, R. Rossm and 

M. LEROY 
D. L. MANNING and J. W. DALE 

M. F. FRANCINI and S. MARTINI 

Further information may be obtained from Dr. D. A. PANTONY, Department of Metallurgy, 
Royal School of Mines, London S.W. 7, England. 

Thursday-Friday 27-28 August 1964: Conference on Recent Advances in Activation Analysis; 
University of Glasgow (see Tafanta, 1964,11, May, ii) 

Tuesday- Wednesday 13-14 April 1965 : S~Irositttu on Thermal Analysis; Northern Polytechnic, 
London 

The programme wili include main lectures on various aspects of thermogravimetric and differential 
thermal analysis to bc given by distinguished visitors from Europe and U.S.A. Contributed papers 
are also invited. Further information is available from Dr. B. R. CURRIZLL, Northern Polytechnic, 
Holoway Road, London N.7. 

British Standards Institution has announced the following New British Standard: 

B.S. 3727: Methoa!s for the analysis of nickel for use in electronic tubes and valves (Price of Parts: 
3s. each). 

Part 4: 1964: Determination of chromium, 0~002iI~OlO% (photometric method). 
Part 5: 1964: Determination of cobalt, O*Ol-1.0% (photometric method). 
Part 6 : 1964 : Determination of copper, 0GO2-020 % (photometric method). 
Part 7: 1964: Determination of iron, 0.034.25 % (photometric method). 
Part 8 : 1964 : Determination of manganese, 0~005-0025 % (photometric method). 
Part 10: 1964: Determination of silicon, 0*020-025 % (photometric method). 
Part 14: 1964: Determination of tungsten, up to 5 % (gravimetric method). 

UNITED STATES OF AMERICA 

Monday-Tuesday 10-I 1 August 1964 : Seventh Annual Rocky Mountain Spectroscopy Coaference ; 
Society for Applied Spectroscopy, Rocky Mountain Section: Albany Hotel, Denver, Colorado. 

Wednesday-Fri&y 12-14 August 1964: Thirteenth Annual Conference on Application of X-Ray 
Analysis; Albany Hotel, Denver, Colorado. 

Monday-Thursday 17-20 August 1964: Sixteenth Annual Meeting of American Association of 
Cliaical Chemists; Hotel Statler-Hilton, Boston, Mass. 

Mon&y-Friday 17-21 August 1964: Gordon Research Conference on AnalytIcal chemistry; 
New Hampton School, New Hampton, New Hampshire (see Talanta, i964,11, April, viii). 

Sundny 30 August-Friday 4 September 1964: 148th Natioaal Meeting of American Chemical 
Society; Chicago, Ill. 



Notices ix 

~o~~T~rs~y 19-22 April 1965 : ~t~~o~ Conference on Modem Trends in Auntie 
Au&~&s; Intff~iio~l Atomic Energy Agency, Division of Isotopes Development of U.S. Atomic 
Energy Commission and Activation Analysis Research Laboratory of Texas A and M University: 
Texas A and M University, College Station, Texas. 

Reports of new activation analysis developments in the following categories are invited: 

1. Radiochemical Methods 
2. Instrumental Methods 
3. Data Processing 
4. Detector Developments 
5. Sources 
6. Nuclear Reactions 
7. Statistical Considerations 
8. Appiications 

A technical abstract (250-500 words) should be submitted, not later than 1 August, 1964, to 
Dr. R. E. W AINBRDI, Activation Analysis Research Laboratory, Texas A and M University, College 
Station, Texas, U.S.A. Authors will be notified of the decisions of the selection committee before 
1 October, 1964. Abstracts should describe new, unpublished work of substantial interest. Those 
papers which indicate trends and new approaches are especially encouraged. Abstracts and papers 
should be submitted in English, which will be the official language of the Conference. 

Sundhy-Friday 22-27 August 1965 : Internatioaal Symposium on Micmchmical Tedmiq-1965 ; 
American Microchemical Society with sponsorship of I.U.P.A.C.: Pennsylvania State University, Pa. 

A call is now being made for research papers directed towards small-scale operations, techniques 
and methods in all phases of chemistry, including clinical chemistry and brochemistry. Papers 
centered on history, speculation or review will not be considered. It is hoped to have sessions on the 
following subjects: 

1. Micro methods in structural eiucidation. 
2. Micro te~~iques in peptide studies. 
3. Clinical and forensiie analysis. 
4. Novel micro and ultramicro approaches in organic elemental analysis, 
5. Micro techniques with high-energy materials. 
6. Novel micro separation methods. 
I. Inorganic microanalysis and trace analysis. 
8. Micro methods in air and water pollution studies. 
9. Determination of physical properties with small samples. 

10. Education for instrumentation. 
11. General papers. 

Further information, including regulations governing papers, may be obtained from Mr. H. 
FRANCIS, JR., Vice-Chairman, Intern. Sym. Microchem. Techniques-1965, c/o Pennsalt Chemicals 
Corp., 900 First Ave., Ring of Prussia, Pennsylvania, U.S.A. A descriptive title and abstract for a 
paper must be received by 31 January, 1965, and the text of the paper by 31 April, 1965. 

American Society for Testing and Materials has announced the availabi~ty of the following 
publication: 
ASTM Standards on Methods for Emission Spectrochemical Analysis (1963): E-2 (Price $16.00; 
$11.20 to ASTM members). This compilation, now in its fourth edition, contains all spectrochemical 
practices and methods published by the Society, as well as excerpts from ASTM methods or practices. 
The scope, limitations, precision and accuracy of the methods have been recorded to the extent of 
data available so that the methods can be compared and evaluated with respect to other analytical 
methods. The table of contents lists those methods and practices which have been discontinued or 
replaced since the previous edition. 
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NOTICES 

(Material for this section should be sent directly to the Associate Editor) 

UNITED KINGDOM 

Wednesday 4 November 1964: Afternoon and evening meeting on To+ Substances in Air: 
Society for Analytical Chemistry. Wellcome Building, Euston Road, London N.W.1, 3.00 p.m. 

Friday-Saturday 12-13 November 1964: Conference on Accuracy in X-Ray Analysis: Institute 
ofphysics and Physical Society, X-Ray Analysis Group. 
S.W.l (see T&ma, 1964, 11, August, ii). 

Institution of Mechanical Engineers, London 

Thursday 19 November 1964 : Photometric Titrations: J. B. HEADRIDGE : 
Chemistry, Midlands Section. 

Society for Analytical 
Lanchester College of Technology, Priory Street, Coventry, 7.00 p.m. 

Fri&y 20 November 1964: I-III Resolution Mass SPectrometry: W. SNEDDON: Society for 
Analytical Chemistry, North of England Section and Special Techniques Group. The Blossoms Hotel, 
Chester, 6.00 p.m. 

Tuesday 24 November 1964: Annual General Meeting followed by Film Show: Society for 
Analytical Chemistry, Special Techniques Group. Burlington House, London W.l, 7.00 p.m. 

Friday 27 November 1964: Some Aspects of Chemical Toxicological Analysis: H. V. STREET: 

Society for Analytical Chemistry, Scottish Section. University of Strathclyde, Glasgow, 7.15 p.m. 

Friday 27 November 1964: Recent Advances in Analytical Chemistry: T. S. WEST: Society for Ana- 
lytical Chemistry, Western Section and Royal Institute of Chemistry, Card@ and District Section. 
College of Technology, Newport, 6.30 p.m. 

British Standards InstItntIon has announced the following New British Standards: 

B.S. 3599/615: 1964: Organic pigments for paints. C.I. Pigment Red 12 (Bordeaux F2R), C.1 
Pigment Red 112 (Red FGR), C.I. Pigment Red 10 (Red FRL), C.I. Pigment Red 7 (Red F4RH), 
C.I. Pigment Red 9 (Red FRLL), C.I. Pigment 5 (Carmine FB), C.I. Pigment Green 7 (Polychloro- 
copper phthalocyanine), C.I. Pigment Blue 15 (Copper phthalocyanine), C.I. Pigment Green 10 
(Nickel azo yellow), C.I. Pigment Yellow 12 (Benzidine yellow). 

Residue on sieve, sulphated ash, matter volatile at lOO”, matter soluble in water and pH of aqueous 
extract, oil absorption value, colour, staining power and colour on reduction, fastness to light, bleed- 
ing, heat stability and resistance to acids and alkalis, determination of copper content. Stability of 
C.I. Pigment Blue 15. (Price: 17s. 6d.) 

B.S. 3762: 1964: Methods of sampling and testing detergents. 

Part 1, two sampling methods for powders from packets; 
Part 2, analytical methods in four sections ; A : two qualitative test methods ; B : seventeen methods 
for schematic examination of active matter; C: nine other methods for analysis of active matter; 
D : fourteen methods for determination of constituents other than active matter. 
Part 3, nine test methods for physical properties and performance. 
Appendices: special reagents, three methods of preparation and one specification. (Price f2. 2s.) 

The following Revised British Star&t& have been announced : 
B.S. 903: Methods of testing vulcanized rubber: Part B14: 1964: Determination of carbon black 
(replacing Part 7 of B.S. 903: 1950). This covers three methods of determining carbon black with 
details of reagents, apparatus and procedure. (Price: 10s.) 

B.S. 2690: Methods of testing wuter used in industry: Part 1: 1964: Copper and iron. This details 
three methods for copper and two methods for iron. (Price: 6s.) 
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The following Amendment Slips have been announced: 

B.S. 1128: Methods for the analysis of aluminium and aluminium alloys: Part 5: 1953: Copper 
(absorptiometric method). Amendment No. 1: PD 5261. 
B.S. 2782: Methods of testing plastics. Part 4: Analytical methoa!s and viscosity in solution. Amend- 
ment No. 10: Methods 405 and 406: PD 5283. (Price: 10s.) 

UNITED STATES OF AMERICA 

Wednesday-Fri&y 21-23 October 1964: Twelfth Detroit Aaachem Conference. McGregor 
Memorial Conference Centre, Wayne State University, Detroit, Michigan. 

The programme is as follows: 

Wednesday Morning, October 21: SigniJicance of Spectroscopic Methods to Clinical and Biological 
Research 
Interpretation of analytical data in clinical and biological 

research. 
Standardisation problems in analysis of biological samples 

for trace elements. 
Spectrographic determination of beryllium in air, biological 

materials and ores using the sustaining a.c. arc. 
The place of atomic absorption in tissue analysis. 
Lasers in emission for clinical research. 
Light-induced absorption changes in photosynthetic bacterial 

preparations. 

H. MITCHELL PERRY, JR. 

C. L. GRANT 

R. G. KEENAN and J. L. HOLTZ 
C. FELDMAN 
F. BRECH 

H. E. BALES 

Symposium on Thermal Methods of Analysis 

New developments in “solution enthalpimetry”. J. JORDAN and P. T-S PEI 
A critical evaluation of experimental variables in DTA. J. R. SCHEMPF, F. M. ANGEL~NI 

and F. E. FREEBERG 
Evaluation of solid state phase transformations by DTA and 

dilatometry. S. GORDON 
Improved resolution of differential thermal analyses through use 

of pressure effects. P. D. GARN 
A thermoanalytical study of pyrotechnic coloured smoke com- C. CAMPBELL, G. WEINGARTEN 

positions. and D. ANDERXIN 
Thermoparticulate analysis. F. W. VAN LUIK, JR. and 

C. B. MURPHY 
Thermal analysis in phase purifications of polymorphic solids. A. R. GLASGOW, JR. 
Product control by difjkrential scanning calorimetry. J. L. JUSTIN and N. BRENNER 

Wednesday Afternoon, October 21: Significance of Spectroscopic Methods in Clinical and Biological 
Research 

The analytical problems in biology and medicine. W. B. MACON 
Chemical enrichment methods in spectrographic analysis. E. E. PICKETT 
X-Ray methods of elemental analysis. T. HALL 
Breath analysis: Key to diagnosis of vapour exposure. R. D. STEWART 

Symposium on Microanalysis 

Microchemistry: Implications and current trends. 
A rapid Pregl combustion carbon-hydrogen &termination. 
Chemical analysis of thin films. 
Role of the electron probe microanalyser in microanalytical 

chemistry. 

T. S. MA 
C. E. CHILDS and E. E. MEYER 
K. L. CHENG 
A. C. O~TOLINI and 
T. P. SCHREIBER 

Analytical Chemistry-General 

Determination of trace amounts of vanadium in steels and cast 
irons by amperometric titration. F. P. VALENTE and G. H. CAREY 

Cumulative coulographic titrimetry-I: Principles-II: Some 
new light on mercury catalysis in halogenation of unsaturated 
compounds: Titrations with electrogenerated bromine mono- 
chloride. S. T. H~ROZAWA 
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Reactions in concentrated lithium chloride solutions: Deter- 
mination of free acid and hydrorysable metal. H. KUIIOTA 

Radio-release methods for evaluation of atmospheric pollution. H. H. Ross 

Thursday Morning, October 22 : Symposium on PoIarography 

. . . 
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Recent developments in stripping analysis. 
Application of derivative techniques to anodic stripping volt- 

ametry. 
Stripping and voltammetric determination of manganese via 

manganese dioxide. 
Second derivative d.c.-polarography as a technique in quantita- 

tive polarographic measurements. 
Pulse polarography. 

Recent developments in lanthanide ion polarography. 

Porclrographic reduction of pyridinium ion in pyridine: Ap- 
plication to &termination of Bronsted and Lewis acids. 

Eiectro-oxidation of tetraphenylborate ion at the pyrolytic 
graphite electrode. 

Polarographic behaviour of molybdenum( VI> in acidic chloride 
media. 

I. f4H.41~ 

S. P. PERONE and J. R. BIRK 

C. HUBER 
W. L. BELEW, J. D. FISHER and 

M. T. KELLEY 

E. P. PARRY, R. A. GSTERYOIIN0 
and H. SCXILEIN 

A. TIMNICK, R. F. LARGE and 
R. O’DONNELL 

M. S. SPRITZER, J. M. COSTE and 
P. J. ELVING 

W. R. TURNER and P. J. ELVING 

G. A. RECHNITZ and J. WII-IICK 

Symposium on Organic Functional Group Analysis 

New dimensions in organic functionalgroup analysis. S. SIGGIA 

Recent advances in redox methods. K. G. STONE 

Reagents for hyroxyl group analysis. G. H. SCHENK 

Potentiometric determination of acid groups in acrylic polymers 
and fibers. J. R. KIRBY and A. J. BALDWIN 

Calorimetric &termination of terthzry aromatic amines in 
primary and secondary amines using tetracyanoethylene. P. 0. WARNER and G. H. SCHENK 

Determination of 18 to 22 mole ethoxymers in 9 mole ethylene 
oxide adduct of p-nonylphenol. N. E. SKELLY and W. B. COMMETI 

Thursday Afternoon, October 22 : Anachem Award Symposium 

Anachem Address : The challenge of analytical chemistry. L. T. HALLET 

Trencis andproblems in the literature of analytical chemistry. W. D. COOKE 

The information explosion myth. H. S. N~I-II~IG 

Thursaizy Evening, October 22 : Conference Address 

Alpha particle analysis of surfaces: Plans for lunar missions. A. T~RKE~ICXI 

Frisky Morning, October 23 : Clinical and Biochemistry Symposium 

A study of determination of phosphorus in blood serum and 
urine. R. E. MOSHER 

Calorimetric estimation of urinary iron by a non-ashing technique. J. F. GOODWIN 

Spectrophotometric determination of p-hydroxyphenylpyruvic 
acid in human urine. I. J. HOLCOMB and A. J. BOYLE 

Photosynthetic nucleotide coenzyme analyses. W. L. OGREN 

A study of the Liberman calorimetric determination of serum 
cholesterol. J. CARUSO and G. H. SCHENK 

Measurement of serum cholesterol synthesis employing deu- C. B. TAYLOR, B. MIKKEL~ON, 

terium. J. A. ANDERSON and D. T. FORMAN 

Nature of lactic dehydrogenase isoenzymes. N. REs%ER, D. COOK, E. DLMXRO 
and R. JO~EPI-I 

New applications of Starch gel electrophoresis to study of com- 
plex molecules. A. L. KOEN 

Determination of acid mucopolysacchariaks in tissue culture. Y. SHIMIZU and D. FRANCX 

Chromatography 

Application of gas chromatography to &termination of car- H. BRADLEY, J. FIIRGUSON and 

bonate carbon in sodium metal. S. A. MEACXAM 
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A modified high temperature combustion technique for akter- 
mination of carbon in sodium. 

Separation of methyl and propyl esters of p-hydroxybenzo~~ acid 
by gas chro~tography and their determi~t~on by ultraviolet 
spectroscopy. 

New correlations between physical properties andgas chromato- 
graphic retention times for members of various homologous 
series of organic compounds. 

Identification of polymeric materials using two new instrument 
attachments. 

Rapid quantitative ~term~~tion of long chain tertiary am~nes 
by thin layer ~hro~tography. 

Column, paper and thin-layer chromatographic characterisation 
methods for aromatic compounds and their application to air 
pollution. 

Column chromatographic separation of basic polynuclear 
aromatic compounds from complex mixtures. 

Precision analysis of high purity gallium by indirect spectro- 
photometry. 

Simultaneous determination of trace amounts of titanium and 
zirconium. 

Improved spectrophotometric method for determination of 
organ0 aluminium compounds. 

Indirect spectrophoto~tri~ ~term~nat~on of chlorine dioxide, 

Spectrophotometric determination of antimony. 
Determination of oxides of nitrogen in efluent of an inert gas 

generator. 
Method for sampling and analysis of nitrogen in potassium. 
Determination ofjuorine in organic compounds. 

Frisky Afternoon, October 23 : symposium on Automation in z 
Automation in analytical chemistry. 
Automated determination of proteins. 
Automated determination of iron. 
Kinetic measurements in the clinical laboratory. 
Automatic, real time digital integration ?f amino acid peaks. 
Automatic potentiometric EDTA and redox titrations of non- 

stoichiometric ~o~ounds. 
Automated system for rapid and precise neutron activation 

analysis. 

Industrial Application of Optical Methods 

Refinement of spectrochemical procedures. 
Spectrographic determination of impurities in beryllium. 

~n~tr~a~ appIi~at~o~ of atomic absorption spectroscopy. 
Vacuum ultraviolet instrumentation and deve~op~nt and man- 

ufacture of a double beam monochromator for ultraviolet 
region. 

Vacuum ultraviolet and soft X-radiation detection. 
A precise recording absolute spectroj%rometer. 
Optical emission spectrographic method,for determination of 

chloride ion in chromium plating baths. 
~pectroc~em~cal determi~tion of microgram a~unts of tan- 

taium, niobium, titanium and hafnium in U,O,. 

E. J. HAVLENA and H. V. MYERS Jr. 

S. J. DONATO 

B. J. GUDZINOWICZ 

K. A. HUTCHINSON 

J. R. PELKA and L. D. METCALFE 

E. SAWICKI, H. JOHNSON and 
T. W. STANLEY 

E. SAWICKI, J. E. MEEKER and 
M. MORGAN 

R. BASTIAN, R. S. KELLY and 
E. W. LANNING 

J. 0. HIBBITS, A. F. ROSENBURG 
and R. T. WILLIAMS 

S. R. HENDERSON, T. G. MUNGALL 
and J. H. MITCHEN 

J. A. HOWELL, G. E. LINNING~~ 
and D. F. B~LTZ 

J. C. GUYON and R. M. MATULIS 

D. M. ZALL 
H. KIRTCHIK 
M. BRANDT and D. G. COBB 

4nalyti~al Chemistry 

B. KLEIN 
E. S. BAGINSKI and B. ZAK 
B. ZAK 
D. G. REMP 
D. W. SPENCE and H. J. JONES 

M. C. GARDELsaod J. C. COR~LL 

J. R. VOGT and W. D. EHMANN 

of Analysis 

J. K. HURWITZ 
E. S. MELICK, L. BUNCK and 

E. PETERSON 
R. E. MANSELL 

P. M. MCPHERSON 
C. F. HENDEE 
G. K. TURNER and R. E. PHILLIPS 

W. EDGAR and N. B. PAR~EGHIAN 

J. E. Scan and E. R. SHUSTER, JR. 

Wednesday-Friday 4-6 November 1964 : AnnuaI Pittsburgh DiiTraction Conference. Mellon 
Institute, Pittsburgh, Pa. 



Notices V 

Monday 30 November-Friday 4 December 1964: Short Course on Gas Chromabgraphy : Instrument 
Society of America. Carnegie Institute of Technology, Pittsburgh, Pa. (see Talanta, 1964, 11, 
August iii). 

New standard samples for four groups of copper-base alloys have been issued by the National 
Bureau of Standards Institute for Materials Research. Several samples, which vary in composition, 
are available for each of the alloys-free-cutting brass, gilding metal, commercial bronze and 
aluminium brass. These standards have been prepared primarily for optical-emission and X-ray 
spectrochemical analysis calibrations and are in a form convenient for such use. 

American Society for Testing and Materials has compiled the Wyandotte-ASTMPunched Card Index 
for finding and correlating infrared spectral absorption data using programmed tapes for computers. 
These tapes are used in connection with the Codes and Instructions for the Wyandotte-ASTM 
Punched Card System. This system facilitates the sorting of spectral data in matching spectrograms 
in qualitative analysis. Further information is available from Dr. L. E. KUENTZEL, ASTM, 1916 
Race Street, Philadelphia, Pa. 19103. 

American !3ociety for Testing and Materials has announced the availability of the following pub- 
lication : 
ASTM Star&r& for Industrial Water and Atmospheric Analysis: Part 23 of 1964 Book of ASTM 
Standards (Price $13.00; $9.10 to ASTM members). This contains 98 standards of which 58 are new 
or have been revised since the publication of the 1960 edition of Manual on Industrial Water-D-19, 
which it replaces. The contents include industrial water-sampling and analytical methods, corros- 
tests, methods of reporting; atmospheric analysis. 

ERRATA-Volume 11 

Page 1098: The structural formula for compound III should be 

[ 

o-N=N--Q-NH,.Ag +NO,- 

0 1 \ / 

Page 1121: The title should read Calorimetric determination of cobalt” 
Page 1136, Table I: the second entry in the last column should read 0511 MeV 
Page 1137, Table II: The entries in the third column should read 0511 MeV and 1.04 MeV 
Page 1177 : This paper should read Eingegangen am 15. Februar 1964 
Page 1200, Table III: The heading to the fifth column should read Found, O,OSM, ml 
Page 1203 : This paper should read Received 10 February 1964 
Page 1239: This paper should read Received 18 March 1964 
Page 1249: This paper should read Received 9 April 1964 
Page 1275: This letter should be dated 26 March 1964 
Page 1284, Fig. 5: This should read y0 = O%, etc. 
Page 13 13, line 4 of Experimental : This should read 1,2-diaminocyclohexanetetra- 
Page 1314, line 2 of Apparatus: This should read photoelectric attachment 
Page 1314, line 8 under Results and Discussion: This should read a molar ratio of 1: 1, V: (X0), 
Page 1325, second footnote to page: Delete Preparation: 
Page 1329: This should read Table I 
Page 1350, line 14 of Results and Discussion: This should read measured in l-ml cells 
Page 1355, reference 6: The journal should read simply Japan Analyst 
Page 1366, line 3 above Procedure: This should read (1 ml E 100 pg of cudmium) 
Page 1367, line 7 from bottom of page: This should read chromium( VI), remaining after uoiatilisation, 

to chromium(IZZ) 
Page 1377, line 2 under Calculations: This should read 6-7 MeV 

a 
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NOTICES 

(MateriaIfor this section should be sent directly to the Associate Editor) 

BUNDESREPUBLIK DEUTSCHLAND 

“Modeme Methoden der anorganischen Analyse” : Vortragstagung veranstaltet von der Fach- 
gruppe “Analytische Chemie” in der Gesellschaft Deutscher Chemiker in Zusammenarbeit mit den 
Chemikerausschiissen der Gesellschaft Deutscher Metallhtitten- und Bergleute des Steinkohlen- 
bergbauvereins und des Vereins Deutscher Eisenbiittenleute sowie dem Deutschen Arbeitskreis fiir 
Spektroskopie und der Deutschen Arbeitsgruppe Massenspektrometrie der Deutschen Physikalischen 
Gesellschaft: Diisseldorf 5.-7. Oktober 1964. 

Vortragsprogramm 

Montag, 5. Oktober: Nichtmetalle in Metallen 

Nichtmetalle in Metallen. 
Die Bestimmung kleiner Gehalte Selen 

in Kupfer mit Riintgen@roreszenz-Spektralanalyse 
Nachweis und Analyse kleinster Gasmengen 

in Metallen mit Massenfirter. 
Eine y.y-Koinzidenz-Anordnung zur aktivierungs- 

analytischen Bestimmung der Spurenghalte Ir, 
Se etc. in PlatinmetaIlen und in Nickeleisen. 

Massenspektroskopische Anatyse von 
Nichtmetallen in Metallen. 

J. FISCHER 
G. MAASSEN 

H. B&M, K. G. G~.?NTHER und 
W. KUHL 

W. HERR und R. WOLFLB 

H. HINTENBERGER 

Bestimmung von Sauersto$in Kupfer 
und Blei. 

A. OLOlWON 

Nichtdispersive Spektralanalyse der Gase 
aus der Hekissextraktion. 

W. BAUM und S. ECKHARD 

Schnellbestimmung des Sticksto$s in Stahl 
nach &m Schmelzextraktionsverfahren in 
Triigergasstrom. Weiterentwicklung und 
statische Bewertung. 

H. LEMM 

Gef2geuntersuchungen von Erzen und 
Schlacken mit dem Mikroanalysator. 

Die Sauerstoffbestimmung in Urancarbiden 
durch Heissextraktion. 

P. DICKENS, P. K~NIG 
und P. JAENSCH 

H. NICKEL und J. ROITMANN 

Fortschritte bei der Bestimmung des Sauerstoffs, 
Wasserstoffs und Stickstoffs in Metallen. 

Beitrag zur Bestimmung von Spurenverunreinigungen 
in hochreinem Germanium(IV)-chlorid und 
Germanium(lV)-oxid. 

TH. KRAYS 

E. WUNDERLICH 

Mitgliederversammlung des Chemikerausschusses der Gesellschaft Deutscher Metallhiitten- und 
Bergleute 

Dienstag, 6. Oktober: Erfassen und Verwerten analytischen Zahlenmaterials 

Mathematisch-statische Grundlagen des Auswertens R. WARTMANN 
von analytischem Zahlenmaterial. 

Erf4ssen und Verwerten chemischer Daten. F. A. POHL 
Zur Problematik der Nachweisgrenzen. H. KAISER 
Die Anwendung des Streudiagramms am G. HOLDT 

Beispiel der Spektralanalyse. 
Probenahme 

Probenahme. H. ZETTLER 
Technische Hi[fsmittel der Probenahme H. SPORBECK 

und Probenvorbereitung. 

i 
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Ein Metall-Aufichluss und - Umschmelzverfahren P. HOLLER 
zur Hersteliung von Proben fiir die Spektralanalyse. 

Zur Probenahme von Schwefelkiesabbriinden. 
Probenahme von Fe- und MS-Erzen, gegenwiirtrige 

Situation bei der ISO-Normung. 

H. SP~TZER 

Auswirkungen theoretischer ~berlegungen bei 
der Probenahme von Kohlen. 

K. E. STUMPF 

F. FINZE 

Mitgliederversammlung der GDCh-Fachruppe “Analytische Chemie” 
Mitgliederversammlung des Deutschen Arbeitskreises ftir Spektroskopie 

Mittwock, 7 Oktober: Analyse von Verbindungsformen und ihre Verteilung 
im festen Zustand 

Analyse von Verbindungsformen und ihre 
Verteilung im festen Zustand. 

Die Reaktionen des Mangans in Kohlenstoff- 
stiihlen, untersucht durch electrolytisches 
Isolieren. 

W. KOCH 

W. KOCH und H. KELLER 

Bestimmung von metallischem und Oxidischem 
Nickel in Hiittenprodukten. 

G. KRAFT 

Strukturen und chemische Eigenschaften verschiedener 
Nitride in terniiren Eisenlegierungen. 

W. KOCH und K.-H. SAUER 

Zusammenhiinge zwischen Raumeewicht, Grobkorntitration S. ECKHARD 
und chemischer Analyse bei gebranntem kalk. 

Einsatz der Autoradiographie zur Untersuchung 
der Verteilung von Verunreinigungen in 
Elektrolytniederschliigen. 

CH. FISCHER-BARTELK 

Spzktrochemische AnaIyse 

Liisungsspektralanalyse von Edelmetallen. 
Quantitative Analyse von Metallspuren mit 

Hirfe der Flammenphotometrie (Atom-Absorption). 
Untersuchungen zur Anwendung des 

Eichzusatzverfahrens. 

W. DIEHL 
(G. NONNENMACHER und F. H. 

SCHLE~ER 
G. EHRLICH und R. GERBATSCH 

Die Verwendung radioaktiver Nuklide zur Untersuchung 
physikalisch-chemiseher Vorgange in Graphitelektroden 
bei Lichtbogenanregung. 

H. NICKEL 

Die riintgenspektrometrische Bestimmung von Metallspuren E. BANKMANN 
mit Hilfe einer speziellen Methode des inneren Standards 

Fiillungsoperationen durch Dekomplexierungen. SW. PAJAKOFF 

Das 3. International Fluorsymmium findet vom. 30. August bis 2. September 1965 in Mtinchen 
statt und wird von der Gesellschaft Deutscher Chemiker organisiert. Der wissenschaftlische Teil 
wird von Herrn. Prof. Dr. F. WEYGAND, Teehnische Hoehschule Mtinchen, bearbeitet. 

Anmeldeformulare ftir die Teilnahme und zur Vorankthrdigung von Diskussionsvortrlgen 
kijnnen bei der 

GDCh-Geschlftsstelle 
6000 Frankfurt/Main, Postfach 9075 

angefordert werden. Dabie ist zu bemerken, da13 diese Voranmeldungen bis zum 30. September 
1964 bei der GDCh-Geschlftsstelle eingegangen sein mtissen. 

CZECHOSLOVAKIA 

Tuesday 29 September-Friday 2 October 1964: Third National Radiochemical Conference: 
Czechoslovak Chemical Society, Nuclear Chemistry Section: Scientific House, Liblice by Prague 
(see Talanta, 1964, 11, March, i). 

UNITED KINGDOM 

Friday-Saturaizy 25-26 September 1964 : Meeting on Automatic Methods of Analysis: Society 
for Analytical Chemistry, Microchemistry Group and Scottish Section: University of Aberdeen, 
Old Aberdeen. 
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The following papers will be presented and discussed on the Friday evening: 
Nomenclature. T. R. FENNEL 
Process gas chromatography. C. 8. F. mNE 
Automation in clinical chemistry. C. F. M. ROLE 
DtJ%erentiaI thermal analysis. R. C. MACKENZ~ 

On the Saturday evening there will be a discussion meeting on Automatic Techniques. 

Thursday 1 October 1964: Solvent Extraction, D. BETTERIDGE: Society for Analytical Chemistry, 
Midlands Section: Spread Eagle Hotel, Shakespeare Street, Nottingham. 7.00 p.m. 

Monday-Wednesday 12-14 October 1964: Technicon 26th Anniversary International Symposium 
on Automated Analytical Chemistry: Royal College of Surgeons, Lincoln’s Inn Fields, London W.C.2. 

Papers will be presented under the following headings: 
Monday, 12 October: Pollution Analyses; Power Station Chemistry; Chemical Process Control; 

Soils, Rocks and Fertilisers; Pharmaceutical Assays; Food Chemistry; New Methods. 
Tuesday, 13 October: Chromatography; Lipid Analyses; Enzyme Analyses; Cell Physiology; 

Electrophoresis; Elemental Analysis; Haematology; Haemagglutination Procedures; New 
Methods. 

Wednesday, 14 October: Multiple Analytical Techniques and Health Screening Procedures; Gynaeco- 
logical Cancer; In Viuo Techniques; Electrophoresis; New Methods. 

Wednesday 14 October 1964: Symposium on Thin-Layer Chromatography: Society for Analytical 
Chemistry, Midlands Section and Thin-Layer Chromatography Panel with Royal Institute of Chemistry, 
Birmingham and Midlands Section: University, Edgbaston, Birmingham 15 (see Tafanta, 1964, 
11, August): 1.30 p.m. 

British Stundakds Institution has announced the following New British Standards: 
B.S. 1428 : Microchemical apparatus: 
transference micro-Kjeldahl). 

Part B3: 1964: Nitrogen &termination apparatus (non- 
This includes the components for the digestion apparatus and distillation 

apparatus used in the micro-determination of nitrogen by the Kjeldahl method without transference 
of the digestion mixture; alternative types of components where appropriate; notes on the method 
of use of the apparatus; and dimensioned drawings. (Price: 5s) 
B.S. 1673: Methods of testing raw rubber and unvulcanized compounded rubber: Part 515.2-4: 1964: 
Analysis of styrene butadiene copolymers (SBR). This gives methods for determination of moisture, 
solvent extraction and total ash. (Price: 4s. 6d.) 

The following Revised British Standards have also been announced : 
B.S. 1428 : Microchemical apparatus: Part Bl: 1964: Nitrogen determination apparatus (micro- 
Kjeldahl). This includes components for the digestion apparatus and Pamar-Wagner type distillation 
apparatus used in the micro-Kjeldahl method; alternative types of components where appropriate; 
notes on method of use of the apparatus; and dimensioned drawings. (Price: 5s.) 
B.S. 1902: Methods of testing refractory materials: Part 2A: 1964: Chemical analysis of high 
silica and alumbwsilicate materials. This details the reagents required for analysis, determination 
of blanks; preparation of sample, loss on ignition. For high silica materials: determination of 
silica, ferric oxide, titania, phosphorus pentoxide, alumina, lime, magnesia and alkali metals. For 
aluminosilicates: determination of manganese oxide plus above-mentioned constituents. Method 
for the direct determination of alumina. (Price: 10s.) 

UNITED STATES OF AMERICA 
Monday 28 September-Friday 2 October 1964: Third National Meeting: Society for Applied 

Spectroscopy: Sheraton-Cleveland Hotel, Cleveland, Ohio. 

Monday-Thursday 5-8 October 1964: Fourteenth Annual Instrument Symposium and Research 
Equipment Exhibit: National Institutes of Health, Bethesda, Md. 

Tuesday-Thursday 6-8 October 1964: Eighth Conference on Analytical Chemistry in Nuclear 
Technology: Analytical Chemistry Division of Oak Ridge National Laboratory: Mountain View 
Hotel, Gatlinburg, Tennessee (see Talanta, 1964, 11, June, iii). 
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The preliminary programme is a follows: 

Tuesday Morning, 6 October: Nuclear Methods of Analysis 
Application qf a Potentiostatic Electrodeposition HARRY B. MARK, JR. and 

Techniaue to Ultra-trace Analvsis bv Neutron- FRANCIS J. BERLANIX 
Activaiion Methods. , ’ 

Determi~tion of Trace Elements in Wool 
Photon Activation Analysis of Cues&m. 

L. C. BATES and W. B. HEALV 
JACOB SPIRA, ROBERT BASTIAN and 

CARMINE PER~IANI 
Precision of Activation Analysis of Short-Lived Nuclides. 
Determination of Attogram Quantities of 8H and ‘He 

Produced by Photonuclear Reactions. 

F. F. DYER and J. F. EMERY 
L. A. CURRI@ 

Reactions Observed with 14-MeV Neutrons. W. J. Ross and J. E. STRAIN 

Deterinination of Trace Constituents in Alkali Metals 
Rapid Determination of Low Concentrations of Oxygen 

and hydrogen in Alkali Metals by a Modl~ed 
Amaigamation Techie. 

Precise Determination of Oxygen in Aikali Metals by 
Neutron-Activation Analysis. 

Determination of Oxygen in Metallic Sodium. 

Determination of Oxygen in Rubidium and Caesium. 
Determination of Total Carbon in Sodium Metal by 

High-Temperature Combustion. 
Determination of Total Carbon in Sodium. 

Methods of Analysing Sodium Metal at Cufcheth 
Laboratory, U.K.A.E.A. 

Tuesday Afternoon, 6 October: Burnup Analysis 
Technetium-99 as a Burnup Monitor for Fast and 

Thermal Reactors. 
Lanthanum-139 as a Burnup Monitor- a Mass 

Spectrometric Method. 
Uranium-235 Thermai Fission Yie& of Caesium-133 

and -137. 
Determi~tion of Nuc~ar Fuel Burnup: Status of 

Development Programme. 
Proposed Determination of Nuclear Fuel Burnup Based 

on Ratio of two Stable Fission Products of same 
Element. 

Flame Photometric Determination of Lithium Produced 
by B-lO(N, a&i-7 Reaction to Measure Boron-10 
Burnup in Reactors Utiiising Chemical Shim Control. 

GERALD GOLDBERG 

E. L. STEELE 

K. S. BERGSTRE~R, G. R. 
WATERBURY and C. F. METZ 

SHERIDAN ROOERS and FRED TEPPER 
HAROLD BRADLEY and S. A. MEACHAM 

D. DUTINA, W. W. SABOL, D. E. 
REY and J. L. SIMPSON 

W. T. EDWARDS 

R. J. MEYER, R. D. OLDHAM, R. J. 
POPEK and R. P. LAR+YE& 
E. R. EBERSOLE, R. P. LARSEN, 
M. T. LAUG and J. J. M&OWN 

R. P. LARSEN, R. J. MEYER, M. T. 
LAUD and G. W. SMITE% 

JAMES E. REM 

WILL~M J. MAECK 

B. D. LAMONT and W. D. 
FLETCHER 

Determi~tion of Carbon, Hydrogen, Oxygen and Nitrogen in Metals 
Determi~tion of Gases in Piutonium Nitride and MANLEY W. MALLETI 

Carbide, and in Plutonium Metal. 
Manometric Measurement of Nitrogen, Oxygen, and 

Hydrogen Extracted from Plutonium Materials by 
Inert Gas Fusion. 

BEN D. HOLT and HA~~VEY T. 
G~~DSPEED 

Determination of Oxygen in Pyrolytic-Carbon-Coated 
Uranium Dicarbide Beads. 

Oxygen and Nitrogen Determination in Columbium 
and Tantalum by Inert Gas Fusion Employing 
Chromatogr~hic Detection. 

An Automatic Spectrographic Method for 
Determination of Oxygen in Steel. 

Comparative Studies on Determination of Oxygen, 
Nitrogen and Hydrogen in Rare-Earth Metals, 
and of Oxygen in Thorium. 

Analysis of Zirconium Metal and Alloys for 
Hydrogen, Carbon and Oxygen. 

M. E. SMITH, J. M. HANSEL and 
G. R. WATERBURY 

W. C. GANNON and F. T. CO~LE 

M. S. W. WEBB and R. J. WEBB 

WAYNE E. DALLMAN, VELMER A. 
FASSELL, C. CLIFTON HILL and 
ROYCE K. WINGE 

H. R. WEILER, JR. 
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Spectrochemical and X-ray Methods of Analysis 

Wednesday Morning, 7 October: 

Intuence of Interaction of Plasma Components on 
Spectroscopic Analysis. 

Spectrographic Determination of Chlorine in 
Refractory Materials. 

Efect of Electrode Dimensions in Carrier Distillation 
Procedure for Spectrochemical Analysis. 

WILHELM H. TAPPE 

G. BAUDIN 
H. R. MULLINS and R. L. GRAFF 

Determination of Uranium Isotopes by Atomic 
Absorption Spectrophotometry. 

Use of Computers in Spectrochemical Analvsis 
JOSEPH A. GOLEB 
ISABEL H. TIPMN. FRED W. ROBERTS - . 

and JANE J. S&FER 
Far Ultraviolet Flame Emission Lines of Cobalt JOHN A. DEAN and J. E. ADKINS 
Chemical Isolation and Flame Photomeiric CYRUS FELDHAM, T. C. RAINS 

Determination of Barium. and N. MAIU~N FERGU~~N 

Mass Spectrometric Methods of Analysis 

Commentary on Spark Source Mass Spectrograph. W. FLETCHER 
Commentary on O.R.N.L., Double-Magnet Mass 

Spectrometer. A. E. CAMERON 
Determination of Hydrogen in Zirconium Alloys R. W. ASHLEY and A. S. DENOVAN 

by Isotopic Equilibration. 

Gas Chromatographic Methods of Analysis 

Adaptation of the Chromatograph for Analysis of E. L. WILLIAMsoN 

Corrosive Gases. 
Determination of Trace Impurities in Helium. E. G. H. ROMBERG 

Wednesday Afternoon, I October: 

A Specific Method for Determination of Titanium. 

Microdetermination of Ruthenium in Uranium 
Compounds. 

An Infrared Method for Determining Variations in 
Deuterium Content of Natural Water. 

Separation of Americium from Lower Transuranics: 
Extraction with Quaternary Ammonium Salts. 

Separation of Europium from Fission Product Samples by 
Reduction with Lithium Amalgam. 

Reversed-Phase Partition Chromatoaraohic Seoaration 
of the Lanthanides with Paper Im>r~gnated‘with 
Bis-(Di-N-Hexylphosphinyl) Methane. 

Analysis of High Purity Materials in Nuclear Energy 
Research: A Short General Survey of Methods. 

Thursday Morning, 8 October: Radiochemistry 

Radiochemical Techniques in Fission Gas Mobility 
Studies of Hydride Systems. 

Analytical Determination of Uranium-232 and 
Uranium-233 in Irradiated Thorium. 

Non-Destructive Determination of Uranium-232 
and Thorium-228 by Gamma Spectrometry. 

Determination of Nuclide Concentrations in Solutions 
Containing Low Levels of Radioactivity by 
Least-Squares Resolution of Gamma-Ray Spectra. 

J. 0. HI~BITS and SILVE KALLMANN, 
WILLIAM GIUSTET~ and HANS K. 
OBERON 

0. A. VITA and C. F. TRIVI~~NNO 

W. H. STEVENS, J. G. BAYLY and 
W. M. THURSTON 
WILLIAM J. MAECK, MAXINE E. 
Kussy and JAMES E. REIN 

J. BIJBERNAK, M. LEW and G. M. 
MATLA~K 

GEORGE J. KAMIN, JEROME W. 
O’LAUGHLIN and CHARLES V. 
BANKS 

A. A. SUALES 

ALFRED J. MOSES 

M. R. WEILKR and W. Y. 
MA-NJMOTO 

S. A. REYNOLDS 

ERNIZST SCHONFELD, ARLENE H. 
KIBBEY and WALLACE DAVIS, JR. 

Liquid Scintillation Counting 

Determination of Radioactive Noble Gases with a 
Liquid Scintillator. 

DONALD L. HORR~CKS and 
MARTIN H. SIXJDIER 
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Liquid Alpha-Gamma Counter for Simultaneous 
Determination of Plutonium and Americium. 

Absolute Counting of Beta-Emitters by Liquid 
Scintillation Method. 

K. I. HAWKINS and C. R. FORREY 

GERALD GOLDSTEIN 

Spectrochemical and X-Ray Methods of Analysis 

Application af Anion Exchange-Partition Chromatography EDMUND A. HUFF 
to Trace Impurity Analysis of Thorium-Uranium and 
Plutonium-Thorium-Uranium Alloys. 

Determination of Plutonium in Irradiated Uranium 
Dioxide Fuel Pellets by X-Ray Fluorescence 
Spectrometry. 

B. D. LAMONT, J. D. JOHNSON and 
J. A. MCSORLEY 

Applications of Electron Probe Microanalyzer to the 
Determination of Trace Constituents in Reactor 
Materials. 

E. A. HAKKILA, G. R. WATERBURY 
and C. F. METZ 

Monday-Thursday 12-15 October 1964: Ninteenth Annual Instrument-Automation Conference 
and Exhibit: Instrument Society of America: New York City. 

The following lectures may be of interest to analytical chemists: 

Monday, 12 October: Primary Elements (Transducersjl 
Design of pH Control Systems. H. S. WILSON and W. J. WYLUPEK 

Tuesday, 13 October: Process Simulation by Analogue Method 

A pH Control System Implemented from a Simulated WILLIAM B. FIELD and ROBERT M. 
Design. GREEN 

Tuesday 13 October: Fluorescence Instrumentation 
A Precision Recording Absolute Spectrofluorometer. G. K. TURNER and R. E. PHILLIPS 
Design of a Fluorescence Spectrometer. JOHN U. Wurm 
Construction and Calibration of a Spectro-radiometer- B. G. ROBERTS and R. C. HIRT 

Fluorimeter for Fluorescence Quantum Yield Studies. 
Modtfications of Existing Instruments for Fluorescence L. A. HURLBUT and E. F. GILLETTE 

Measurements. 

Tuesday, 13 October: Laboratory Instrumentation 
Internal Reflection Spectroscopy. N. J. HARRICK 

Wednesday, 14 October: Radiation Methods of Analysis 
Moisture Measurement with Radio-Frequency FRED W. TRUXALL 

Techniques. 
Computer-Integrated Activation Analyses. JOHN W. NOSTRAND, JR. and 

HENRY H. KRAMER 

Thursday, 15 October: Chemical and Instrumental Methods of Analysis 
Spectroscopic Methods to Detect Water in Salts J. GREENBERG 

(Alkali Halides). 
Preparation of MercurylMercurous Sulphate Reference RICHARD A. Muros and A. C. 

Electrode for Hali&. Titrations. ’ ” 
An Imoroved Cell for Analvsis of Imourities in 

Liq;id Chlorine JUsing Infrared Sp&troscopy . 
Continuous Process Stream Analyser for Determination 

of Aluminium Alkyd Concentration. 
A Recording Electrolytic Titrator. 

Thursday, 15 October: Introduction to Thermoanalysis: 
Dij’erential Thermal Analysis-Principles and 

Applications. 
Automatic Recording Therm0 Balances. 
DTA Variables. 
Theory and Application of Thermogravimetry. 
Quantative Dynamic Calorimeter. 

ECKERT 
DAVID L. HAMMI~T 

R. J. FANNING 

Dr. AUSTIN 

Methods and Applications 
SAUL GORDON 

H. VAUGHAN 
I. M. SARASOHN 
A. E. NEWKIRK 
E. L. DOSCH 
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Tuesday-Friday 13-I 6 October 1964 : Annual Meeting : Electron Microscopy Society of America: 
Detroit Hilton Hotel, Detroit, Mich. 

Wednesday-Friday 14-16 October 1964: Third Annual Gas Chromatography Symposium: A.S.T.M. 
Committee E-19: Sheraton-Lincoln Hotel, Houston, Texas. 

Thursday-Saturday 15-l 7 October 1964 : South-East Regional Meeting: American Chemical 
Society: Charleston, W. Va. 

Monday-Thursday 19-22 October 1964: 78th Annual Meet@: Association of Oficial Agricultural 
Chemists: Marriott Motor Hotel, Twin Bridges, Washington D.C. 20044 (see Talanta, 1964, 11, 
June, iii). 

Wednesday-Friday 21-23 October 1964: Twelfth Anachem Conference and Instrument Exhibit: 
Association of Analytical Chemists in collaboration with Optical Society of America, Detroit Section: 
McGreggor Memorial Conference Center, Wayne State University, Detroit, Mich. (see Tafanta, 
1964, 11, May, iv). 

Wednesday-Friday 21-23 October 1964: Conference on Spectroscopy, Iastrumentation aad 
Chemistry: Jack Tar Hotel, San Francisco, Calif. 

ERRATUM-Volume 11 

Page 891: The first author of the paper should read Farhataziz 
Page 905 : line 1 of R&urn6 : For sodage read dosage 
Page 905 : line 3 of R&urn6 : For volumitriquement read VoIumPtriquement 
Page 905: last line of RBsum6: For direct read directe 
Page 953 : line 4 of R&sum6 : For e@ct read efit 
Page 964: line 12 of R6sum6: For 24 hau moirs read 24 h au mains 
Page 972: line 3 of R&sum&: For vagurs read vagues 
Page 975: line 3 of Rbum6: For delle read celle 
Page 975: line 7 of Rbum6: For peurvent read peuvent 
Page 975 : line 8 of R&urn6 : For ses read ces 
Page 982: line 1 of R&urn&: For rdsponse read rkponse 
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NOTICES 

(Material for this section should be sent directly to the Associate Editor) 

INTERNATIONAL UNION OF PURE AND APPLIED CHEMISTRY 

Division of Analytical Chemistry 
Commission on Microchemical Techniques 

International Investigation into Errors in Elementary Organic Microanalysis* 

The obsrevations, findings and effects governing the microanalytical errors encountered by every 
microanalyst in the course of his daily work only add to his special knowledge or that of his close 
collaborators. In order to go beyond the limits of the individual laboratory, the Commission on 
Microchemical Techniques has set up a Study Group on Errors in Elementary Organic Microanalysis, 
which is intended to centralise, classify and publish these findings in generally workable form for the 
benefit of all. 

The study Group on Errors in Elementary Organic Microanalysis invites microanalysts of all 
countries, either personally or as representatives of their laboratories, to collaborate in this collective 
international task by communicating in the form of a report the results of their experiences. 

In practice, it is desriable that each report conform to the outlines given below: 
1. It must be drafted in either German, English, French or Russian. 
2. It must be divided into as many separate parts as the errors under examination. 
3. Each part must follow the headings of the following outline. 

1. 
2. 
3. 

Element(s), amount(s) 
Microanalytical range (milligram, decimilligram, centrmilligram) 
Microanalytical balance employed (principle, model, installation, with or without air-conditioning 
etc.); standard deviation of weights 
Method employed-principle of mineralisation (combustion), principle of the determination, 
apparatus, reagents, method of operation, etc. 
Type of error studied-systematic or uncertain errors affecting the accuracy or precision of the 
results 
Order of algebraic magnitude of the systematic error, standard deviation or possible limits of 
the uncertain errors (errors of chance) 
Sources of error, real or apparent. All of the factors of error must be retained, especially those 
which appear in the following unlimited list: 

Order of magnitude of the contents to be determined 
Physical properties of the compounds analysed (condition, vapour pressure, hygroscopicity, 

triboelectricity (static electricity) etc.) 
Structures of the compounds analysed 
Presence of interfering elements 
Presence of interfering functional groups 
Principle of the method of mineralisation (combustion) employed 
Principle of determining the end product 
Reagents employed (nature, degree of purity, source) 
Other chemical products employed 
Small apparatus and various material employed (joints, stoppers, glass, silica, plastic materials, 

metals, erc.) 
Manual or automatic apparatus employed for the mineralisation (combustion) 
Apparatus employed for the measurements (balances, burettes, calorimeters, spectrophotom- 

eters, potentiometers, coulometric, conductometeric, or thermal-conductometric set-ups, 
recorders, integrators, etc.). Possible influence of automation 

* The present investigation does not include trace analysis. 

5 i 
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Operative parameters (temperature, rate of gas flow, pressure, etc.) 
E&ironm&t parameters (temperature, rela&e humidity, atmospheric pressure, air pollution, 

vibrations, situation and exposure of the laboratory, place or position of installation in the 
laboratory, erc.) 

Subject parameters (manipulations, lectures, observations) 
Operative methods and techniques 

8. Means employed for characterising the source of error (if possible) 
9. Modifications eventually used with the intention of diminishing or eliminating the error 

10. Suggestions 
11. Specific questions 

The preceding outline must be considered as a simple, helpful memorandum. The errors reported 
need not necessarily be “originals”; 
been noted. 

they may have been cited in publications from which they have 

The present investigation is already in progress; consequently, the reports, depending upon the 
geographic location or the language used, can be addressed without delay to the following members 
of the Study Group on Errors in Elementary Organic Analysis: 

a. American reports in the English language (U.S.A., Canada, etc.) to: 
Dr. AI Steyermark, Chairman 
Commission on Microchemical Techniques 
Hoffmann-La Roche Inc. 
Nutley 10, New Jersey 
U.S.A. 

b. European reports in the German or Slavic languages (with the exception of Russian) to 
Dr. Wolfgang SchGniger, Secretary 
Commission on Microchemical Techniques 
Department of Pharmaceutical Chemistry 
Sandoz, Ltd. 
Basle 13, Switzerland 

c. Reports originating in Russia to : 
Dr. N. E. Gel’man, Associate Member 
Commission on Microchemical Techniques 
Institute on Elemental Organic Compounds 
Academy of Sciences 
Moscow, Russia 

c. Reports in the English, French, or German languages which originate in coutries other than 
those listed in a, b, and c, to: 

Dr. Roger L&y, Titular Member 
Commission on Microchemical Techniques 
Chairman, Study Group on Errors in 

Elementary Organic Analysis 
Central Department of Microanalysis 

of the National Center of Scientific Research 
39 bis, rue de Dantzig 
Paris 15, France 

In order to speed up the study, the Study Group would like to receive reports on errors which 
will eventually be part of a published report, even though themain portion is not ready forpublication. 

The deadline for this material will be lst, July 1964. 

BUNDESREPUBLM DEUTSCHLAND 

1. und 2. April 1964: Symposium Methoden zur Messung weicher B-Strahler veranstaltet von der 
Fachgruppe Kern-, Radio- und Strahlenchemie der Gesellschaft Deutscher Chemiker und der Gesell- 
schaft fur Kernforschung mbH, Karlsruhe-Leopoldshafen. 

Mittwoch, 1. April 
Hauptvortrag 

Programm 

ifbersicht iiber die Methoden zur Messung weicher P-Strahler 

Diskussionsvortriige 
Erfahrungen mit einen Gasziihlrohr ,fiir die Serienmessung von Kohlendioxyd. 

H. KIEFER 

E. BRODA und 
B. KALAB 
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Nominierung der MeDbedingungen bei der Routinebestimmung von Tritium 
und “C im Proportionalztihlrohr. 

Bestimmung niederer spe@scher Aktivitzten von Ya durch jiissige 
SzintillationsziihEung 

Donnerstag, 2. April 
Hauptvortrag 

Gas Radio Chromatography. 
Diskussionsvortrtige 

Einige Ergahrungen tier Radiogaschromatographie 14C- oder T-markierrer 
Verbindungen mit Proportional-Gasziihlrohren und Ionisationskammern. 

Neuere Anwendungen der Radio-Diinnschichr-Chromatographie. 

Messung niederenergetischer fi-Strahfer in heterogener Phase mir 
FliiTsigszintillatoren. 

Kontinuierliche Messung von l”C-markeirten Aminostiuregemischen nach der 
Trennung an lonenautasschersliulen mir Hi!fe von Szintillatorschlauch. 

P. JORDAN 

H. VEMMER und 
J. 0. Gij-rr~ 

A. T. JAMES 

H. SIMON und 
R. MEDINA 

M. WENZEL 
P. E. SCHULZE 

W. HOFFMANN 

H.-J. STAN 

NETHERLANDS 

Wednesday-Saturday 20-23 May 1964: Symposium on Modern Methods of Analysis of Organic 
Compounds: Fachgruppe Analytische Chemie of Gesellschaft Deutscher Chemiker and Sectie voor 
Analytische Chemie of Koninklijke Nederlandse Chemische Vereniging: Eindhoven. 

The Symposium represents a continuation of the meeting on the same subject at Munich in 1960 
and has the following programme: 
Wednesday, 20 May 
Plenary Lectures: 

Die Bedeutung der Analyse fiir die Organische Chemie 
Derzeitiger Stand der organischen Mikroelemerrrardnalyse. 
Gruppenreakfionen in der organischen Analyse. 

J. F. ARENS 
W. SCH~NIGER 

S. VEIBEL 

Discussion Lectures: 

I. Elemental Analysis 

A six minute C--H-determination with titrimetric finish. 
Ein Schneliverbrennungsapparat mit elektrischer Endpunktsan- 

zeige zur Bestimmung von Kohlenstofl und Wasserstog in 
orjanischen Substanien. 

Three Decimal Place Hydrogen and Carbon Determination in 
Mineral Oil Samples. 

Zweijtihrige Erfahrungen in der Routine-analyse mit einem 
CNH-Automaten, 

Ultrdmikroelementaranaiyse organischer SroJe mit Sub- 
stanzmengen von l-20 pg. 

A Colorimerric Method for the Sub-micro Determination qf 

II. 

III. 

Bromine in Organic Compounds. 

Massspectrometry 

Jetzig& Stand der Massenspektrometrie in der o<qanischen 
Analyse. 

Anwendung eines hochaujiisenden Massenspektrometers in der 
organischen Analyse. 

X-ray Analysis 

Structure Determination of Organic Compounds by X-ray 
Analysis. 

Wege zur automatisierten Strukturanalyse. 
Uber ein neues Geriit zur automatischen Messung der lntensitiit 

van Einkristallreflexen. 

L. BLOM 

F. SALZER 

P. GOUVERNEUR 

H. WEITKAMP 

G. T~LG 

T. R. F. W. FENNELL 

E. STENHAGEN 

D , HENNEBERG 

J. D. DUNITZ 
W. HOPPE 

E. MAYER 

Thursday, 21 May 

Plenary Lectures: 
Moderne Analysenverfuhren, besonders Caschromatogruphie, bei 
stereoisomeren alicyclischen Verbindungen. 
Spektrochemische Verfahren zur Konstituiionsermittlung. 
Analytical Separation Techniques. 

W. H~~CKEL 

G. KRESZE 
A. J. P. MARTIN 
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Discussion Lectures: 

IV. Constitution determination via mol spectrometry 
Applications of Proton Magnetic Resonance to Functional Group 

Analysis. 
Die Kernresonanzspektren von Steroiden in polaren Liisungs- 

mitteln. 
Konformationsanalyse von Nitrosteroiden mit Hilfe des 

Circulardichroismus. 
Prdzisionsanalyse von Mehrkomponentengemischen in 

Quarzspektrophotometergebiet. 
Bestimmung der Geschwindigkeitskonstanten der Dissoziation 

und Rekombination organischer Siiuren mit der Methode der 
“High Level Faradaic Recttfication.” 

V. Separation Techniques, part I 

Uber ein neues Verfahren der Fliissigkeits-Chromatographie. 
Die Anwendung einer neuen Arbeitsweise in der Fhissig-fest- 

bzw. Fliissig-_Piisig-Chromdtographie. 
Permanente Kolonnen fiir Fliisstgkeitsverteilungschromato- 

graphie. 

N. VAN MEURS 

B. HAMPEL 

G. SNATZKE 

1. S. HERSCHBERG 

H. W. NURNBERG 

E. BAYER 

D. JENTZSCH 

R. DIJKSTRA 

Automatische Kopplung der Diinnschicht-Chromatographie an 
temperaturprogrammierten Gas-Chromatographen als sto#- 
speztfische Detektion und Analysenkontrolle. 

Miiglichkeiten und Grenzen der Identtfizierung von Stoj%t aus 
ihrem Verhalten bei der isothermen Eluierungsgaschromato- 
graphie. 

R. KAISER 

Some Rapid Identtjication Methods in Gas Chromatography. 

Friday, 22 May 

Plenary Lectures: 

J. F. K. HUBER 
F. H. HUYTEN 

Analysis in Polymer Research. P. W. D. WUGA 

Aminosiiuren und Peptide. F. WEYGAND 

New Developments in Clinical Analysis. E. J. VAN KAMPEN 

Discussion Lectures: 

VI. 

VII. 

Separation techniques, part II 

Auswahl der station&-en Phase fiir die Diinnschicht- 
Chromatographie. 

The Mechanism of Peak Broadening in Paper Chromatography. 
Quantitative Analyse von Polyphenylgemischen mit der 

Diinnschichtchromatographie. 
Verwendung Silbernitrat-impriignierter Silicagel- Diinnschichfen. 
Separation of Sterol Acetates by Thin-layer Chromatography in 

Reversed-phase Systems and on Silicagel G-silver Nitrate 
Plates. 

R,- Werte und Annellierung kondensierter polycyclischer 
aromatischer Kohlenwasserstoffe. 

Analysis of high polymers 

Pyrolysis Gas Chromatography with Programmed Temperature and 
Capillary Columns. 

Infrared Determination of Unsaturation in Polyethylene. 

Saturday, 23 May 

Discussion Lectures: 

VIII. Clinical Analysis, Analysis of Naturalproducts 

P. J. SCHORN 
C. L. DE LIGNY 

F. J. RITTER 
F. C. DEN BOER 

J. W. COPIUS PEEREROOM 

S. LAUFER 

L. S. ETTRE 

R. J. DE KOCK 

Prdparative diinnschichtchromatographische Trennung von 
Phosphatiden und diinnschichtchromatographischer Nachweis 
ihrer Hydrolyseprodukte. 
Eine verbesserte Methode zur quantitativen Elektrophorese in 
Agar-Agar-Schichten. 

0. W. THIELE 

K. DOSE 

ober die Reaktion von Diazoniumsalzen nut Nukleotiden und 
Nukleinsduren und ihre miigliche Anwendung zur Sequenz- 
anaQse. H. K~SSEL 
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Acetessigsiiurebestimmung in 0,1 ml Blur. Die Abtrennung des 
Acetons durch wiirmebeschleunigte Mikrodifjiion und seine 

Bestimmung mit Salicylaldehyd. F. hHNER 

Die Bestimmung von Aminosiiuren durch Messung der elek- 
trischen Leitfiihigkeit. A. NIEMANN 

Verbesserung und Automation der Kreatininbestimmung. K. BEYERMANN 
Ein Beitrag zur Analytik der Tropan-Alkaloide. H. FRAUENDORF 
Die Analyse von Arzneistoffen in biologischen Fliissigkeiten mit 

der Tropiolinmethode. P. HAJDU 

Further information can be obtained from the GDCh-Geschlftstelle, 6000 Frankfurt (Main), Postfach 
9075. 

GSTERREICH 

Tagang der &err. Gesellschaft fti Mikrochemie and Analtyische 
Chemie in Bad Hall 

Die &err. Gesellschaft fiir Mikrochemie und analytische Chemie im Verein der asterr. Chemiker 
hielt am 28. und 29. Februar 1964 in Bad Hall, O.t)., seine 17. ordentliche Jahreshauptversammlung ab. 

Vor etwa 80 Fachkollegen aus Industrie und Wissenschaft aus osterreich, Deutschland und der 
Schweiz wurde zuniichst im Rahmen der Geschlftssitzungen der Fritz-Feigl-Preis 1964 an den 
Oberass. der Techn. Hochschule Wien. Dr. L. J. Ottendorfer, fiir seine Arbeiten auf dem Gebiet 
der Mikrochemie, insbesondere iiber den Nachweis kleinster Mengen radioaktiver Stoffe verliehen. 

Im wissenschaftlichen Teil dieser Tagung wurde eine Reihe von Fragen iiber moderne Analysen- 
methoden besprochen, die fiir die Industrie und das Hiittenwesen von besonderem Interesse sind. 

Im ersten Vortrag sprach Univ.-Prof. Dr. W. Leithe (&err. Stickstoffwerke, Linz) iiber 
Gaschromatographie in der Industrie, wobei er die wichtigsten Anwendungsmiiglichkeiten dieser 
vielseitigen Methode erliiuterte. 

AnschlieSend berichtete Frau Dpl. Ing. H. Selzer (t)sterr. Mineralal-verwaltung, Raffinerie 
Schwechat) iiber die speziellen Probleme der Gaschromatographie in der MineralGlindustrie und 
anschliel3end berichtete Herr Dr. Bayzer (&err. Stickstoffwerke, Linz) iiber Trennung und Nach- 
weis der Aminosluren. 

Ein gemeinsamenes Abendessen im Kurhotel Landes-Sanatorium gab den Teilnehmern Gelegen- 
heit, bei zwanglosem Beisammensein iiber ihre Erfahrungen zu diskutieren. 

Am Samstag, 29. Februar, vormittags, fanden Vortrage von Herm Doz. Dr. Zitter (Gebr. BGhler 
AG., Kapfenberg) fiber die derzeit aktuellen Fragen der Gasbestimmung in Eisenlegierungen und 
Dr. E. Lassner (Metallwerke Plansee, Reutte/Tirol) iiber die Bestimmung von Sauerstoff in hoch- 
schmelzenden Metallen wie Molybdiin und %olfmm statt. Der letzte V&rag der Tagung wurde 
von Dr. Breit (Vereinigte Metallwerke, Ranshofen-Berndorf) beigesteuert, der iiber die analytischen 
Fragen bei der Erzeugung und Verarbeitung von Aluminium berichtete. 

UNITED KINGDOM 

Wednesday 29 April 1964: Meeting on Immunoassay of Hormones: Society for Analytical Chem- 
istry, Biological Methods Group: Burlington House, Piccadilly, London W.l: 7.00 p.m. 

The programme is as follows: 
Outline of principles and methods available. P. G. H. GELL 
Immunoassay of chorionic conadotrophin. A. J. FULTHORPE 
Immunoassay ?f insulin. C. N. HALES 

Thursday 2 April 1964: Meeting consisting of Contributions from Research Workers in Univer- 
sities and Colleges of Advanced Technology: Society for Analytical Chemistry: University College, 
Gower Street, London W.C.l. 

Afternoon Session-2.30 p.m. 
The automation of anion-exchange chromatography of phosphorous anions. G. NICKLESS and 

D. RATERS 
Kinetic studies in bromate titrimetry. J. M. OTTAWAY 
Use of liquid anion exhangers in analytical chemistry. A. D. DAMODARAN 

Evening Session-S. 15 p.m. 
Some applications of thermogravimetric analysis. A. W. COATS 
Spectrographic determination of beryllium in fluorite minerals. D. N. WATERS 
Gravimetric determination ?f iron by the homogeneous precipitation of J. A. W. DALZEIL and 

tris(2-thiopyridine-N-oxide)ironT”. M. THOMPSON 
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Friday 1 May 1964: Physical MethodsofMoistureDetermination: Society for Analytical Chemistrv, 
Physical.Methohs Group and Midlands Section, and Royal Institute of Che&try, Eait Anglia Section: 
Levineton Research Station, Ioswich. Suffolk: 6.00 u.m. 
Reuiez of methods determin@ moisture in paper. 1 L. A. KIRK 
An introduction to microwaves moisture measurement. 
Application of nuclear magnetic resonance to measurement of mositure 

content of coals and cokes. 

H. B. TAYLOR 
W. R. LADNER 

Friday 8 May 1964: Meeting of Microchemistry Group, Society for Analytical Chemistry: Royal 
College of Advanced Technology, Salford 5, Lanes. 

Thursdav-Fridav 2-3 Julv 1964: Summer Meetine on Limitations of Detection in Snectrochemical 
Analysis. institute’of Phy& and Physical Society, gpectroscopy Group: University of Exeter. 

The main subjects and speakers are as follows: 

Introduction and principles. 

Emission spectroscopy 
(a) Instrumental factors 
(b) Metallurgical samples 
(c) Non-metallurgical samples, e.g., silicates andplant residues. 

X-ray juorescence. 
Atomic absorption. 
Mass spectroscopy. 
Comparison of emission, X-ray and mass spectroscopy. 

F. W. J. CARTON and 
R. J. WEBB 

A. C. MENZIES 
W. RAMSDEN 
R. L. MITCHELL and 

R. 0. SCOTT 
R. JENKINS 
J. A. F. GIDLEY 
R. A. SAUNDERS 
N. W. H. ADDINK 

Further details can be obtained from the Spectroscopy Group Secretary: Dr. L. BOVEY, Building 
329, A.E.R.E. Harwell, Nr. Didcott, Berks. 

Monday-Saturday 12-17 July 1965: XII International Spectroscopy Colloquium: British Spectros- 
copist Co-ordinating Committee in collaboration with Institute of Physics and Physical Society: 
University of Exeter. 

The subjects to be dealt with are concerned primarily with analytical applications of spectroscopy. 
The principal topics will be optical emission, absorption, X-ray and mass spectroscopy and special 
attention will be given to chemical, metallurgical, medical and biological applications. Continuous 
process control, the detection of non-metallic impurities in metals and a study of the limitations to 
detection in analysis will be some of the subjects of discussion. 
quium will be English, French, German and Russian: 

The official languages of the Collo- 
simultaneous interpretation will be available. 

Some 6 invited papers are being arranged on leading topics of interest in the field of spectroscopy 
and also some open discussions on current trends. There will also be an opportunity for about 
70 original contri6uted papers which should be submitted for consideration befoiethe endof this year. 

All enquiries should be addressed to the Colliquium Secretary: Mrs. C. E. ARREGGER, 1 Lowther 
Gardens, Prince Consort Road, London S.W.7. 

At the Annual General Meeting of the Society ,for Analytical Chemistry, held on Wednesday, 
4 March, 1964, the following were ellected Officers and Members of Council for the forthcoming year: 

President: D. C. GARRATT 
Past Presidents serving on Council : A. J. AMOS, R. C. CHIRNSIDE, J. H. HAMENCE, K. A. WILLIAMS. 

Vice-Presidents: S. G. BURGESS, A. A. SMALES, R. E. STUCKEY. 
Hon. Treasurer: D. T. LEWIS 
Hon. Secretary: S. A. PRICE 
Hon. Assistant Sectetaries: B. S. COOPER, D. W. WILSON 
Ordinary Members of Council: A. S. BEIDAS, E. BISHOP, L. BREALEY, H. J. CLULEY, C. A. 

JOHNSTON, A. G. JONES, E. Q. LAWS, G. W. C. MILNER, F. H. 
POLLARD, F. C. J. POULTON, S. G. E. STEVENS, C. WHALLEY. 

Ex-Office Members of Council: C. J. HOUSE, R. A. CHALMERS, E. A. HONTOIR, W. H. STEPHEN- 
SON, D. W. WILSON, L. BREALEY, W. A. BROOM. 
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the Twentieth Annual General Meeting of the Microchemistry Group of the Society for Ana- 
Chemistry, held on Friday, 21 February, 1964, the following Officers were elected for the 

At 
lytical 
forthcoming year: 

Chairman: D. W. Wl~so~ 
Vice-Chariman: R. GOULDEN 
Treasurer : G. INGRAM 
Secretary: Mrs. D. E. BUTTERWOR~, National Chemical Laboratory, Teddington Middlesex. 

At the Ninth Annual General Meeting of the Midlands Section of the Society for Ana!yticu/ 
Chemistry, held on Wednesday, 11 March, 1964, the following Officers were elected for the forth- 
coming year : 

Chariman: W. H. STEPEN~~N 
Vice-Chariman: W. T. ELWELL 
Treasurer : J. BLENKIN 
Secretary: M. L. RICHARDSON, John and E. Sturge Ltd., Lifford Lane, Kings Norton, 

Birmingham 30. 
Asst. Sectetary: R. ADKINS 

British Standards Institution has announced the following new British Standard: B.S. 3703: 1964: 
Method for the quantitative chemical analysis of binary mixtures of wool and certain regenerated 
proteinjbres. This provides a method for determining the proportions of fibre in binary mixtures 
of wool and certain proprietary regenerated protein fibres. It is suitable for application to fibres 
in any textile form with the exception of high density felts. (Price 3s.) 

UNITED STATES OF AMERICA 

Thursday-Friday 7-8 May 1964: Fourth Informal Conference on Vacuum Microbalance Techniques: 
Mellon Institute Auditorium, 4400 Fifth Avenue, Pittsburgh, Pennsylvania (see Talanta, 1963, 10, 
October, iii). 

Tuesday 12 May 1964: Spectroscopic measurements from ahove the atmosphere: D. MORTON : 
Society for Applied Spectroscopy, New York Section: Hotel Manhattan, 8th Avenue and 44th 
Street: 8.00 p.m. 

Wednesday-Friday 24-26 June 1964: Summer Symposium on Recent Developments in Structure 
Determination: American Chemical Society, Division of Analytical Chemistry: Cornell University, 
Ithaca, N.Y. 

The programme is as follows. 

Wednesday, 24 June 

NMR of heavier nucleii and structure determination. W. G. SCHNEIDER 
Application of NMR to problems in stereochemistry. A. D. CROs.0, 
Homonuclear and heteronuclear spin-decoupling: Application to high-resolution H. AGAHIGIAN 

NMR 
Electron paramagentic resonance. 
Electron spin resonance ?f randomly orientated triplets. 

Thurdsay, 25 June 

W. LANDGRAF 
E. WASSERMAN 

Mass spectrometry. 
High resolution mass spectra of organic compounds. 
Combining separation and instrumental techniques. 
Chemical exploitation of the Miissbauer effect. 
X-ray diffraction. 

Friday, 26 June 

F. W. MCLAFFERTY 
K. BIEMANN 
W. R. MOORE 
R. H. HERBER 
R. F. BRYAN 

Molecular structure determinations by microwave spectroscopy. R. D. LIDE, JR. 
Raman spectroscopy. J. C. EVANS 
Opitcal rotatory dispersion and circular dichroism. u. WElsS 
Microscopy. W. C. MCCRONE 

Further infromation may be obtained from Dr. F. W. MCLAFFERTY, The Dow Chemical Company, 
Eastern Research Laboratory, Framingham, Massachusetts, U.S.A. 
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Wednesday-Friday 
Analysis: Metallurgy 
Denver, Colorado. 

12-14 August 1964: Thirteenth Annual Conference on Applications of X-ray 
Division, Denver Research Institute, University of Denver: Albany Hotel 

There will be sessions on X-ray diffraction, emission spectroscopy, microprobe, absorption and 
microscopy, and instrumentation. 

Monday-Friday 17-21 August 1964: Gordon Research Conference on Analytical Chemistry: 
New Hampton School, New Hampton, New Hampshire. 

The programme is as follows: 

Monday, 17 August 

Thermochemical titrations. J. JORDON 
pH measurements in amphiprotic solvents. R. F. BATES 
Problems in potentiometric measurements: pH, pNa andpM. J. E. LEONARD 

Tuesday, 18 August 

Principles and applications of spectrojuorimetry. 
Laser principles and materials. 
Laser excited emission spectroscopy: Current andpotential capabilities. 

Wednesday, 19 August 

Photoluminescence and the triplet state. 
Modern methods of microanalysis. 

Thursday, 20 August 

D. M. HERCULES 
R. PASTOR 
F. BRECH 

C. A, PARKER 
G. SLODZ~AN 

Nuclear magnetic resonance studies of metal chelates. 
(to be announced) 

Open discussion 
Friday, 21 August 

D. T. SAWYER 
C. N. REILLEY 

Recent advances in gas chromatography and their practical significance. B. 0. AYRES. 

Further information may be obtained from Dr. W. GEORGE PARKS, Director of Gordon Research 
Conferences, University of Rhode Island, Kingston, Rhode Island. 

April 1965: 1965 International Conference on Modern Trends in Activation Analysis: International 
Atomic Energy Commission, and Activation Analysis Research Laboratory, Texas A and M University: 
Texas A and M University, College Station, Texas. 

For information contact either Dr. RICHARD E. WAINERDI, Activation Analysis Research 
Laboratory, Texas A and M University, College Station, Texas, U.S.A., or Dr. DEREK GIBBONS, 
Wantage Research Laboratory, U.K.A.E.A., Wantage, Berkshire, England. 
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(Maternal for this sectton should be sent ducctly to the Associate Editor) 

FEDERAL GERMAN REPUBLIC 

Fr&y-Saturday 19-Z; June 1964 : European Convention of Comical Eaghabg 1964: Frankfurt 
am Mam 

fhls will include the 1964 ACHEMA Cv, of which the followtng parts of the programme 
may be of Interest to analytical chemists 

Frkkzy. 19 June Measurement and measured-value tramformatton tn chemical technologv 

Intermittierende elektrochemtsche Sauersto~messungen in 
verungreinigten Gewrissern. 

Neue l lektrochemrsche MeBanordnungen zur Kontrole von 
Spurenkonzentrationen reduzierender Stofe in Gasen und 
Flussigkeerten 

Volltransistorisrerter Gleichspannungsverstarker fur 
pH-Messungen. 

Durch~ul3messung von aggressiven und mit Festofen 
versetzten Fliiss&ketten. 

Ein neuer MeDplatr zur Bestimmung &r Stofionstanten & 
und tan 6 von Proben mit weitgehend beltebgen Formen 
bei 3000 MHz. 

Emplor du chromatogrcrpiu automatrque d l’tume de Lacq 
Dte FIammenrontsatron zur kontuuaerltchen Bestimmung von 

QualitdtsgroOen 

Saturday, 20 June 

Szintillatlonsspektrometrie von o und t%Strahlung mit 
CiirrWnJOdid. 

Neuere Entwtcklung bei der MeBwertgebung mit Radiolsotopen. 
lsotopenanwendung in akr chemischen Industrie 
Kontmuierliche Dichtemessttng in Industriebetrieben 
ubcrwachung der ~thylenprodukrton mit dem 

Massettspektrometer. 
The infrared analyser--o powerful analytical tool for on-line 

chemical analysir. 
Neue Erfahrungen bei der kontinuierlichen Oberwachung der 

Viskositat. 

F. 'I%DT 

G. TESKE 

P. WIJNDERER 

H. ENGELHARDT 

G. SCtUtUNG 
R. CABOZ 

G !?TElNMULLER 

K. H. K~NIG 
A. Tmin 
K. CPIJA 
H. KRECH 

H. G LOSSNJ 

E. G. hh~~ 

H. Kthmwm~ 

Tuesday, 23 June: New physical methods of chemical analysis, especkzlly methoa!s of trace analysts 

Brennstoffzellen als SpurenmeOgerate. 
Fortschritte in a& Entwtiiung &r Analyse mrt Hochfrequenz. 
impurity analysis in h&h polymers by the pulse dielectric method 
Ein neues Gerat fur ElektronenberrgwcQ im Ultravakuum. 
Neuere Eistwickltmgstendenr in der EPR-Spektrometrle. 
Ein Universa(qerdt fur Kemresonanzuntersuchungen. 
High precision eomparatlve polarography 
Some analytical appliwtions of dt~erential cathode ray 

polarography. 
Coulo- Halometrie mit galvanischen Zellen 

Wrctusdoy, 24 June 

Dreidimensionale Diinnschicht-Chromatographle bei tieferen 
Temperoturen 

New developments in column technology in gas chromatography 

P. HERSCH 
K. CRUSE 
P. HEDVIG 
M. GRIBI und L. WEOMANN 
H. G. THOM 
F. FURRER 
H. M DAVIS 

R. C. ROONEY 
P. HERSCH 

E. STAHL 
L. S EITRE 
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Arbertsmethoden der Gaschromatographte 
Erfahrungen auf dem Gebtet der gaschromatographtschen 

Spurenanalyse mit neuen hochempfindbchen Detektoren. 
Separation of mubicomponent mixtures by continuous 

gas-hquid chromate raphy 
Appiicatrons of dwl c L nnelgas chromatography 

Thermrsche Fragmentierung und Strukturbestimmung 
orgamscher Verbindun en 

Versuche zur B Spuremtna yse von Kohlenwasserstoffgasen 

Dte Anwendung der Gas-Chromatographie in der CHN-AnaJyse. 

Thursday, 25 June 

Die Bedeutung einer Erwerterwg des Spcktralbererches m der 
Infrarot-Spektroskopte. 

Automatisierte R&tgentuoreszenz-Anaiyse. 
R6ntgenmikroanalyse elektronemnikroskoptscher Praparate. 
&erschmutzu 

x 
in Wasser und Gew&ssern. Nachweis und 

quantitative estimmung mit dem IR-Spektrophotometer 
Eme neue Apparatur zur Prtif 

7 
der Lichtund Wetterechthert 

van Farbungen auf dem Textrgebeit, von Kunststoffen, 
Lackanstrickn und Gumm. 

Flammenspektrometrizck Mi#ichkeiten zur Bestrmmung von 
Phosphor in phosphororganisckn Verbindungen. 

Strahlenquellen ftir die atomare Absorptionsspektroskopte. 
A new rnstrument for analyttcal atomtc absorption 

spectropholometry. 
Eme new Gerateserie selbstkompensierender Analysenauto- 

maten fur dte Spurenmessung. 
Kontinuierbches MeDverfahren zur t%erwachung von 

MAK- Werten 

Frhiay, 26 June 

Submicro methodr of organic analysis. 
Eine neue Vakuumtkrmowaage. 
Eine neue Dosierungsmethode zur Durchfuhrwrg von 

Mtkroreaktionen. 
Neue Verfahren auf dem Gebiet der thermometrrsckn Tttration 
Polymer molecular weight analysis by gel permeatron 

chromatography. 
Neue Anwendungsgebeite des Verfahrens der Gel-Fdtratron 

durch die Entwtcklung neuer Dextrangele 
D;e Endpunktbesttmmung in der analytischen Chemre. 
Neue Laborwaagen mit Vorrichtungen zur 

Bedienungser~eichteru~. - 
Gravimetrische Sondergeritte fkr physikalischchemtsche 

Untersuchungen. 

E RODEL 

E. THOM 

P E BARKER 
J AMY, K P DMCK and 

T Z CHU 

W. StmoN 
M FREUND, L SZEPESY und 

F SIMON 

K. DERGE 

G. KEMMNER und F BRUNNER 

H NEFF 
K -H. HERRMANN und H NEFT 

W FASTABEND 

E 0 SEITZ 

W SCHMIDT 
K OSl-ERHAMMEL 

W J PRICE 

H F~HRMANN 

W GEY und K SCHUSTER 

R BELCHER 
H G. WIEDEMANN 

H. STRAUBEL 
H KNAUER 
L. E MALEY 

B GELOTTE 
H JUCKER 

H HARTWIG 

B. KASSNER 

The Deutsches Atomfm e. V. is organising for the first tune a scr~cs of lectures wlthin the 
framework of the Convention on 25 June, entltlcd Nuclear Radiattons m Sctence and Industry. The 
following of the lectures may be of mtercst to analytical chemists 
Aktivierungsanalyse und Erzeugung kurzlebiger Isotope in 

Chemie und Technik in klehten Reaktoren. A. THIEL 

Das kontinuierliche Beta-Gamma-Photometer als Hilfsmrttel 
bei der Uberwachung und seine Grenzen. K. H. WAJXHTER 

Sunnschichtmelzen mit radioaktiven Stoflen. 
Dtinnsch&htchromat 

3 
raphie mittels Radionukliden G. BOUCKE 

Zonenschmelzen mit r soaktiven Stoflen H. SCHILDKNECHT 
Bremsstrahlen-Fluoreszenzanalyse. W. KUHN 
Verweilzeit-Messungen mittels radtoaktiver lndtkatoren D. SCHUU-PILLOT 

Further information can be obtained from DECHEMA, 6 Frankfurt (Mam) 7, Postfach 7746, 
Bundcsrcpublik Deutschland. 
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FRANCE 

La Commission Intemationale d’4nalyse “C I A.” du Comiti Internationale de In Dctcgmce 
“Cl D ” a tenu sa 7Cme sewon les 24 et 25 Octobre I963 i Samt-Gall, sur mvltatlon du ComitC 
SUICK de la DCtergence, sous la pr&dence du Prof JACINI (Italic) 

Apres avolr entendu un rapport sur I’actlvne generale, depulr un an, du C.1.D par son SecrCtalre 
Glneral, M. DE WIT et sur I’organtsatron du 4eme Cor!eres International de la Dhfergeuce qul dolt 
avow lieu a Bruxelles du 7 au 12 Septembre 1964, les membres de la C I A drscuttrent les rCsultats 
des dtIFerentes anrlyses clrculalres etfectuees en 1963, concernant notamment 

--analyse des alkylsulfonates de sodium, 
-analyse de melanges d’alkylsulfates prlmalres et d’alkylartnesulfonates, 
-analyze de milanges de non-lomques, d’alkylarinesulfonates et de savon, 

routes r&al&ec a I’alde de methodes r&emment mlxs au point par les pays appartenant ii la Com- 
misslon et basees sur I’emplol des Cchangeurs d’lons Ces travaux seront repros au tours de I’annCe 
prochame en vue de leur apporter certames amChoratlons avant de les faire homolguer sur le plan 
International 

Les dlscusslons sur I’analyse des non-loruques ont occupC une grande partie de la session. L’Ctude 
de mtthodes reproductlbles a CtC confiee, II y a deux ans. & un Groupe de Travail, dont la travaux 
avancent rapldement pu1sq1.1’11 a pu soumettre & ses coll&gues de la C.1.A , qtu la ont accept&s, 
des proposltlons pour les dCtermmatlons tnrtm&rlques et celles de l’eau et des cendres, qtu seront 
present& mcessamment, pour homologatlon, L+ I’Orgamsatlon Intematlonale de Normahsatlon 
“I S.O.” 

Le proqramme futur de a Groupe de Travail comprendra la poursuite des recherches sur la 
d&ermmatlon de I’oxyde d’tthyltne, de I’mdice d’hydroxyle, des polyglycols hbres, et des alkyl- 
phtnols hbres dans les alkylphtnols oxy&hylenes D’autres Commissions devant s’attacher plus 
partlcuhCrement B la stparation des hydrocarbures non sulfonCs et & la dttermmation des poly 
oxy&hyles sulfa& 

II est a noter que les mtthodes d’analyse di$ soumises a I’1.S 0. semblent devour &re adopt&s 
sans dlfficultC par les membres de cette Orgamsation, ce qul est un grand encouragement pour la C.1.A 

POLAND 
Tuesday-Saturday 15-l 9 Sepren&er 1964. XXXVth Internatkmal Congress of Industrial Ckmlslry : 

Varsovie. 
Among the many sections of the Congress, one IS devoted to Analyfrcul Chemistry. Further 

mformation can be obtarned from the Sctentlfic Committee of the XXXVth InternatIonal Coneress 
of Industrial Chemistry, Warsaw 86, skr. poczt 26, Poland 

W 

UNITED KINGDOM 
Wednesday 4 March 1964 : Annual General Meeting followed by Bemani Dyer Memorial mre : 

Sochty for Analyfrcal Chemistry. Burlington House, London W 1: 3.00 p m 
Wednesduy 11 March 1964. AMUPI General Meeting followed by Analysis of Peroxygen Com- 

lumnds: C. WHALLEY: Society for Analyrlcal Chemistry, Midlands Section Untverslty, Edgbaston, 
Birmingham IS: 6.30 p.m 

Saturday 14 March 1964: Biochemistry of Quinones: R. A MORTON: Society for Anaiytrcal 
Chemistry, North of England SectIon City Laboratones, Mount Pleasant, Liverpool: 2.15 p m 

Wednesday 18 March I964 * Discussion Meeting: Socief y for Analytical Chemistry, Microchemistry 
Group- 7he Feathers. Tudor Street, London E C 4. 6 30 p m 

Friday 20 March 1964. Organic Analytlcpl Reagents-A Survey of Some New Work: W. I. 
STEPHEN * Society for Analyricai Chemistry, Scottish Section Queen’s College, Dundee * 7. IS p.m. 

Tuesday 24 March 1964: The Work of a Public Analyst: R A DALLEY* Society for Analytical 
Chemistry, Midlands Section* Nottmgham and District Technical College: 7 00 p m. 

Tuesday 24 March 1964: Pbyslal Methods Applied to Examination of ArcJmeolwkal Remains: 
E. T. HALL and A. E. A WERNER: Sociery for Anaiyrrcal Chemistry, Physrcal Merh& Group 
Burlington House, London W.I . 6.30 p.m 

Wednesday I4 October 1964: Symposium on Thin-Layer Chromatography: Society fir Analytrcal 
Chemistry, Thin-Layer Chromatography Panel and Midlands Section with Royal Institute of Chemistry, 
Birmingham and Mldfands Section Unrverslty, Edgbaston, Bmnmgham 15. 

The programme will consist of a Plenary Lecture by Professor Dr. E. STAHL and the followmg 
lectures: 
l&n-L,uyer Chromatography in Brosynrhettc Studres T. W GOODWIN 
Recent Drvelopments in Thin-Layer Chromatographic Egurpmenr R. P. H~RXH 



1V Nottces 

Thm-layer Chromarqpraphy on Ion-Exchange Medta. C. S KNIGHT 
Thm-Layer Chromatography tn Cluucal Chemtstry. J G. LINES 
Explortatton of Thm-Layer Chromatogra 

CB 
hy tn Plant Chemrstry. E J SHELLARD 

Further mformatton can be obtatn from Mr. M L. RICHARDSON, John and E. Sturge, Ltfford 
Lane, Kmgs Norton, Btrmmgham 30. 

At the Ftrst Annual General Meeting of the Atomtc Absorptron Spectroscopy Dtsrusston Panel of 
the Physrcal Methodc Group of the Socrety for Analytrcal Chemistry, held on Tuesday, 3 December, 
1963. the followmg Officers were elected for the forthcomtng year - 

Chamnan. W T ELWELL 
Secretary: D. MOORE, 98 St. Pancras Way, Camden Road, London N W.I 

British !Stadards Institution has announced the following New Brttrsh Standurds:- 
B S 2649: Methods for the analysis of glass: Part 4: 1963 : Recommended procedure for the 

analysis offluortde-opalglasses. Thts recommends detatled analyttcal procedures for determmtng all 
of the Important constttuents of the so-called ‘fluortde-opal’ glasses based on mvesttgattons carrted 
out by the Soctety of Glass Technology. (Prrce 6s.) 

B S 34%: Methodr for the determrnatton of partrcle size of powders. Part 2: l%3: Ltqutd 
sedtmentation methods. Thts descrtbes methods of detertrunatton of the size dtstrtbution of parttcles 
m those fracttons of powders whtch pass a 75 p Bntish Standard test SICVC, ustng the prtnctple of 
ltqutd sedunentatton Four methods are described, oiz. the fixed depth ptpette, the fixed posttton 
prpette, the ltqutd column method wtth sedimentation accumulatton and the ltqutd column method 
wtth sedrment extractton. The baste prmctple (Stokes’s law) is descrtbed tn the foreward. An appendtx 
advises on hqutd suspended rnedta and diiperstng agents, provtdtng a ltst of sottable suspended medta 
for many matertals. Other appendices describe methods of evaluating a size analysts instrument and 
the correlatton of results from dtfferent methods of size determmatton. (Prtce ISs.) 

Part 4: Opttcal mrcroscope method This describes a method of determmatton of the size dtstrtbu- 
tton of part&s m those fractions of powders whtch pass through a 75 p Brrttsh Standard test Steve 
A representative sample of powder to be sued IS dtspersed and placed on a glass sltde and the parttcles 
are vtewed through a mtcroscope by means of transrrutted hght. The areas of the tnagntfied unages 
of the part&s are compared wtth the areas of reference circles of known size Inscribed on a grattcule 
and stmultaneously vtstble The relattve numbers of particles m each of a settes of size classes are 
determined. These numbers, expressed as percentages, constttute the stze dtstrtbutton by number 
From the relattve numbers m the stze classes it is possible to calculate the stze dtstrtbutton by wetght, 
provtded tt IS assumed that parttcles of all sizes have the same sha 

f of the proJected area of a parttcle stands nt a constant ratto to t 
n-t the sense that the square root 

e cube root of the volume of the 
partrle, and that all of the particles have the same density. (Price 20s.) 

B.S 3681: 1%3. Methods for the samplirlp and testing of lightweght qegregates for concrete 
This descrtbes methods for samphng and testing of ltghtweight aggregates for concrete. The tests 
cover bulk denstty, Steve analysts, apparent spcafic gravtty, sulphate content, volatile matter, loss- 
on-tgmtton, carbon content and soundness. (Price 7s. 6d.) 

The followtng Revised British Stan&rds have also been announced:- 
B S 1428: Mtcrochemtcal apparatus. Part I I : 1%3: Combustion boats and sheath for mtcro- 

chemtcal analysts. Thts spemfies the following ap 
spectfied In other parts of B.S 1428: one stze o P 

aratus designed to fit the mtcrocombustton tubes 

and three sizes of porcelam combustton boat 
plattnum combustion boat and a sheath to fit tt 

It includes dtrnenstonal drawmgs as well as approprtate 
requirements for matertal. weight and marking. and for constancy of wetght of the platmum boat or 
sheath or tgrutton It also gives desirable limits for constan 
or heatmg wtth acid, but these are not a mandatory 

P r 

of wetght of porcelain boats on tgnttton 
art o 

B S 1747 Methods for the measurement of air po lutron 
the spectficatton. (Prtce 4s 6d ) 
Part 4 : I%3 : The lead dioxide method 

Thts mvers the constructton and use of apparatus for the lead dtoxtde method of measurmg the 
reacttvtty of atmospheric sulphur compounds. (Price 5s ) 

B S 1016: Methods for the analysts and testing of coal and coke 
coal ash and coke ash 

Part 14: 1963: Analysis of 
This deals wtth the determinatton by chemtcal analysts of the major constttuents 

in samples of coal ash or coke ash An appendix descrtbes a rpectrographtc method by whtch certam 
constttuents can be determmed speedily and with sufhctent prectston for most purposes. (&ice ltJs ) 

B S I7 IS: l%3* Methods of analysts of soaps and soap powders. Thts descrtbes methods of 
samphng and the preparatton of the sample for analysts, and the followmg determmattons: total 
fatty matter, alkali combined as soap, total alkali, titre, matter msoluble m ethanol, matter msoluble 
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in water, free alkah. free fatty a&s. uusapotnfiable matter and utuapo&d fat, chlortdes, slltca, 
phosphate, 

B.S. 17 6: Methods for the sampltng and analysis of flue gases. Part 5 : 1963: Semi-routrm F 
r-salts, rosto. glyarol, loss on dtymg at 100405 and water. (Price 16s ) 

anulyses. Thts descrtbes xmr-routiue methods for the determmatroo of carbon droxtde, carbon 
mouoxide and total oxldes of sulphur, matnly employed for the a sscssment of the combusuon per- 
formaoa of domesttc gas apphaoces. (Prrcc 6s.) 

UNITED STATES OF AMERICA 

Mot&y-Fri&y 2-6 March 1964: 1Stlt Pittsbwgb Cuafaauca on Anlytiml Clmdstry and Applied 
tGmctrosco~~: Analvtical Chemtstrv Grotto. Pittsbucph Section ACS and Spectroscopy Society of 
P&tsburgh.W -Peon-Sl&atoo Hotel, Ptttsbur& Pa. ” 

The programme is as follows .- 

Mon&y, 2 March. Morning 
Gas Chronurtoqraphy-Detectors 

Characteristics of a sensttt~e and absolute ultrasonic dclector 
for gas chromatography. 

Response of hot n ire thermal conductivity cell. 

Electron dsft-velocity aktector for gas chromatography. 
Piezoe&clrtc sorption &rector. 
A high temper&e hydrogettfime tontsatton detector. A critical 

eualuation of destgn and operatmg charactertstics. 
A rapid-scan far U Vspectrophotometerfor monttortnggas chroma- 

tograph efluent 
A prelimmary study of the characteristrcs of a phototomsotion 

detector for gos chromatography. 

Instruments for Atuuysis 
A fully automared anal) rrcol balance. 
A versatile sorptron hygrometer 
Electrodeless conductance measurements 
Galuanic dcternrinatron of strong ocrak 
Electronic potentrometer defines new statwizrd tn pH tnstrumen- 

tatton 
A convenient solution calorimeter 

Oxygen gauge. 
Instrument cloud point &terminatrons. 

F. W. NOBLE and K. ABEL 
D. W RoBtN5oN and 

D. M. Rosn 
V. N. SL(ITH and J. F. FlDt&v 
W. H. KING. JR 

A C SEIBEL 

W. KAYE and F WASKA 

J F ROESLER 

L CAHN and H. SCHULTZ 
J. KERTZ~UN 
D. E. BIJRGE and T A. Ot.soh 
P. Haaacti and C. S~~IUCEIT 
D. C. DOUGLASS and 

E. F. BL~NDFIELD 
E M ARMI-T, J. J. BURKE 

and L. V. GUUD 
w. M HtcKAM 
J. L. W~LUAMS and N Srrr~ 

Symposrum on High Resolution NMR of Ortented Molecules 

NMR in ltqutd crystals* PMR spectrum of benzene in a nemattc A. SAUPE 
soiution. 

PMR imest&ations on ortented molecules. 
Some studies of ordered nematic phases from htghly resolved 

dipoic-dpole splitttngs 
NMR spectra tn stngle crystals. 

Mot&y, 2 March: Afternoon 

G ENGLERT 
W. D. PHILLIPS, J C. RO~ELL 

and L R. MELBY 
P. C LAUTERBL~R 

Gas Chromatography-General 
GLC studtts of brie acid esters. 

Analyses of chloranrline isomers by gas chromatography. 
Gas chromatography of water tn hygroscopic liquidr 

Atwt’ysis of dduted auto exhaust with a multi-columned gas 
chromatograph. 

Use of pobmers as liquid phase m gas chromatographic OMfySrS 
of htgh boding-point compounds. 

Behaoiour of phosphate pestrctdes in electron aJinity uktectors. 

L I. BUDD%K, J. J KELLY 

and L. V H~XK 
K J. BOMBAUGH 
S AHUJA, G D. CHASE and 

J G NIKELLY 
T. A. BELLAR. M. L. BELLAR 

and E. SIGSBY, Jr 
P SHAPRAS and G. C CLAVER 

G E. COOK, C W. STANLEY 
and J. E. BARNEY II 



vi Notices 

A miffovapour-phase hy&ogenatton accessory for gas chromato- T. L. Mow and H. J. DIJT~ON 
graph& analysis of glyceride oils. 

Cot~e&tionr between electron mptudrg ability and structure. W. E. BAI-IIN~ER and J. W. Akn 

Spectrophotometric Methods of Analysts 

Determinatron of microgram quantities of non-raa7oactmc caesium L. SILVERMAN and R. S. DUNN 
in uranium and its compoutuis. 

Determination of phosphorus tn alloy steeks. G. A. BAUER 
Automated 

R 
rocehres for spectrophotometric determination of P. H. SCHOLPS and 

silicon, p osphorus and vanese in steel. c. THuLlKvuRNE 
Spcctrophotometrrc drtermtnatron 0 antimony in gold. B. Y- 
Simuhneow spectrophotometric i termination of calcium and J. W. FERouso~, J. J. Rmuru, 

magnesium with chlorophosphonazo III. J. W. O’LAIJGHLIN and 
C. V. BANKS 

Use of the motj6ahum blue reaction in spectrophotometric L. HAROtS and D. F. BOLT2 
determination of thallium. 

An improved chhuanilate methodfor dcterminatton of boron. D. R. PEruWN and J. R. HAYES 
Recision analysis of highly pure btsmuth telluride by diflerentiai A. ELDRIDGE, R. S. KELLY 

ndTc 
s ctrophotometry. and R. BASTIAN 

I tree1 UV spectrophotomtric determiturtion of ammonia. J. Howell and D. F. BGLTZ 
New tecttnique for study of photometrtc preciston. D. C. NW~N and R. C. HAWES 
A stt$y of a new spectrophotometric dota acquisition system. R. N. RAND and B. HEU 

Symposium on High Resolution NMR of Oriented Molecules 

NMR of pohzr molecules in an external electric field. J. S. WAUOH and 
1. D. MACOMBER 

High resolutton NMR spectra of molecules in an applied electric 

FeU 
K. A. MCLAUCHLAN 

NMR and ESR Spectroscopy 

Conformation of sugars andglucose polymers by PMR. C. A. GLASS 
A nucbar resonance studv of eauilabrta in the svstem boron S. BROW 

tr@toride-methanol. * * ’ 
NMR study of isomcric pentadtenes. 

. 

Proton and carborr-13 NMR of coal deriwtives and other car- 
bonaceous materials 

M-group analysis and number average MW determmatton of 
some polyalkylene plycols and their esters using NMR 
spectroscopy 

A new type of spectrometer. 

ESR obsemtions of oxrdotron-reductron process in some viscera. 

P. W. FLANAGAN and 
H. F. Swrti 

H. L. R~FSKY and 
R. A. FIUEDEL 

T. F. PAGE. JR. and 
W. E. B&LER 

M. TAKEIJCHI and 
T. M~AMAE 

T. 0~ and P. Y. SAKAGUHI 

Tuesday, 3 March Morntrlg 

Analysis of Inserstttial Elements in Metals 

Co-operative testrng programmes on gases in metals. 
Separation and kfentrficatron of Impurities tn hy&i&d uranium 

zirconium alloy. 
Rapid Ltermmation of nitrogen in refractory borides and nitrides. 
Simultaneous determination of oxygen and nrtrogen in refractory 

me&a& by d.c. carbon arc-gas chromatographic technique. 
Rapuldcterminatron of low concentrations of oxygen lnpotassium 

and NaK by a modi$ed amalgamatton technrque. 
Determination of carbon and carbon compounds in alkali metah. 

Rapid method for determination of micro amounts of stdphur in 
selenium. 

A recording knear-response gauge for vacuum fusion analysis. 

T. D. McKMtn 
L. SILVERMAN and D. J KLEIN 

J. W. TERESHKO 
R. K. WLNOE and V. A. FB~L 

G. GOLDBERG 

J. C. GE-N, S. J. RODOERS 
and J. W. MAUS-~ZLLER 

L. AC? and S. BARABAS 

H. F. WALDRON 



Not&s VII 

Liqutd and Gas Chromatography 

Im roved tbchniques in liquid column chromat 
A a& ntages and limitations of gel permeation %%$graphy . 

Thtn-loyrr chromatgra hy of organic pho 
Quantrtatrve am$ysis o mtxtures separate P Ith 

orus compounds. 
on thin-hyer chroma- 

tographrc plafes. 
A method/or recordiq elution curves on liquid column 

chromatography. 
Eflect of column shape 

preparative se~rations. 
on l *iency in gas chromatography 

Effect of injection port 
chromatography. 

temperature on peak broa&ning in gas 

Injection and vapourisation of samples in gas chromatography. 
Polymer analysis by pyrolys&gas chromatography. 

L E. MALEY and J. L. WATERS 
L. E. MALEY. G. E. STACKHOUSE 

and J. L. WATERS 
C. W. STANLEY 
R D. SPENCER and B H. BEGGS 

T. NAONO 

E. M. TAFT, J. E. BOOKER and 
K. P. Duocic 

T. HARUKI, f. MORIJ and 
K. SAT0 

T. JOHNS and B. THOMPsoN 
B. GROIEN 

PororogroPy and Coulometnc Analysts 

A versatile polarographic analyser incorporat@ fwilities for 
c~nwntronai d.c., rapid d.c.. anodic stripping and a.c. pobwog- 
raphy 

Pokarographcc r&termination of mercury, tellurium and cadmium 
in HgTe atui CdTc alloys. 

Pokwogra 
dp 

htc dctermlnation of wdmium in stainless steel. 
Dissolve oxygen measurement by constant-potential continuous 

coulometry. 
Chromatographtc separation and coulometric &termination of 

magnestum, calctum and strontium. 
Controlled potenttal wulometric studies of oxidation state ratios 

of [race elements. 
Appbcatton of controlled-potential wulometry to sttuiy of redox 

reacttons m solution. The iria%m~~l chlorate system. 
A contmuom automat& co&metric titrator. 

An advwced autonuattc mkrocoulometer for trace sutphur and 
halogen analysts. 

R. KOPP 

M. C. GARDEU and 
J. C. C~RNWELL 

H. S. KARP and G. b.4PF 
E. L. ECKFEIDT and 

E. W. Smmcn 
1. W. G’LAUGHUN, G. J. ffiMXN 

and C. V. BANKS 
B. W. CONROY and 0 MENIS 

J. MtXu.mmndG A RECHNITZ 

P. JOHNSON, J K. JACOBSEN and 
R. J. DRAOO 

J. A. MCNULTY and 
A.R MYERS 

Tues&y. 3 March: Ajtemoon 

Symposistm on Analysis of Gases ami Non-Metallrc inclusions m Metals 

Rasic concepts of quantitattve sepration of alloy phases. W. KOCH 
Neutron-actiwtion awl sis of metal for nitrogen, oxKen. sdiwn. 

PXI 

V. P. GUINN 
phosphorus and sul r. 

Analysis for nonmetallic e&ments at metals by vacuum spark W. M. HENRY and E. BUXSER 

lnclwionr and nttriws. W. Koaa 

Gas Chromatography-General 

An ultra pum hya@n gemrrator for gas dwomatogr~hy. J. K. JACO~PEN 
Construction amipa/ormracr of an IR chronnttogroplrie fraction R. BROW-N and P. A. Warr, JR. 

mmlyser. 
Des@ andpe@manw of a portable ionisation chromatograph. B. H. ANDREEN and 

D. V. - 
Desgn wnskkratioru for an over44ll high perfommnce gas M. R. BURNELL 

P$$$$%um~ with prqrammed temperature and E. W. CIEPUNS luandL S.EITRE 
_ w$lla+ wbtmns. _ 

A wnttnuous extractor for adysis of tracegases In ltquia%. H. L. Aaka~+~, B. D. Chx~c~ 
and J. A. - 

Minimisinq the time fbl the akomorobtcrplric analysts of complex T. B. Room and 
mixtures. W. kNAVOUllIAN 



~I’~ Nouces 

1~ onolo~grre bleed /me compensollon syslem 

Vultrple column compensolton m process gos chromorogrophs 

E J Levy, D G PAUL and 
L MIKKELSON 

E L SZOK~TACH and 
T A GRAY 

&vwrol Anatyr~coi Methods 

Rodro-release derermmolron of rot&urn A S GILLESPIE, JR. and 

Roped rodrochemrcol delermltwlron ofomerwum~~~ 
Deternwto11ou of nrckel 4, mognelrc susceplrbrlrr) 
A roped ond srmple moss speclromelrrc procedure /or deleclrou 

H G RICHTER 
M H CAMPBELL 
J F REED 
K F Spo~~~and R A DWALL 

ond delermrnolron of boron 
Indrrecr derermlnotron ofjuorldes by EDTA lilrotion oJsomorrum 
Derernrmolron of ferrous oxide m ferrrles 
4nol1sts of ~o&iwn-go//rum all&~ based on dlsplocemenl o/ 

H F. COMBS and E L. GROVE 
K L CHEVG 
M C G~RDELS 

1 anodtrrnr\’ from 11s EDTA complex 
Derermrnarton of srhco III presence of phosphore ondfluorrde 

DeIermmorton of nrwote plus mtrlle ktlh spec~oi reference IO olr 
polllclron 

Precrse mevhod for ossoy o/ polossrum lodale by comparison 
H trh (PI wror_\ srondord) orsenrc lrroxl& 

l’erl occuroIe!I defnedgos m~.~lures for use osprimory slondords 

L se of C_I hnder gas m~wwes IO chech morslure onal~sn 
insrf umenrs 

II ednesdor , 4 .Morch hfornmng 

Pobro~rophrc determrnorron of oldeh,*des ondocelols m alcohols C C B~DKE. D K BANERJEE 
and F J. MILLER 

G D. CHRISTIAN and 
WCPIJRDY 

Polorogrophlc determtnorron of mrcrogrom omounls of selemum 
In brologtcol molerrol 

Delermrnorron of dl ond meso dlbromosuccrnrc octds m 
aqueous solulrons 

R Ah’uw and D. J MANZO 

A nea specrroJ7uoropholomeler and IIS opplrcolron IO delermmo- 
lion of broloprcol subsronces 

K I~AI, S. KAZAWA and 
T HARUKI 

Delermmorton of phenyl-b-naphrhylornme m polyurerhone 

A SW<) of lhe pi compkxes of lruutro~uorenone Delermma~ron 
of omlnes, phenols and oromolw hydrocarbons 

A neH oulomoled opparolus for delermlnallon of oxygen in 
orgonrc compoun& 

D W. CHA!!BERS, D. M. KNlGHT 
and J L MYERS 

G H. S~KENK. P. Wm and 
C MOJZI~ 

M. E EBELING and 
D W MAJKI~~~J~ 

F W CZECH, T P HRYCYSHYN 
and R J FI,CHS 

\ A H~EY. C C GOLDEN and 
R E Boo<E 

S M TUTHILL, R S SPRAGUE 
and W C STOECKER 

H G GULLAL\~E and 
G KA~TER 

H G GLILLALWE 

Swnposrum on Chemrcol Applrcollons of For Infrored Speclroscopj 

Recent dec elopmeurs III for rnfrored specrroscopj R C LORD 
hirerferomerrrcs spectromerers Their use as o proclrcol loboro- A MAKI, L R BLUYE and 

1011 tool R NELSO\ 
For rhfrored werferomefer for rhe rtgron 20-1000 micron J TAD~YOX and 

J N. A RIDYARD 
Torsrotrol I tbrorrom in rhe for infrared speclrum W G FATELEY, R K HARRIS, 

F A MILLER and 
R E WITKO\\SKI 

H ~droren bond srrrdres m rhe for rnfrored R J JACOBSEN and 
J W BR~H 

On Ihe Iarrrce speclrum oJ HI 
Some rnfrored obsorprron srudles rn the 351X100 cm-’ rego,on 

D W ROBINSON 
F F BE\TLEY,N T MCDEVIY-I 

and A ROZEK 

Ano!\srs of Orgonrc ond Wologrcol .Morerrro/ 

PO/\ mer \4 I+’ delernnnorlon b, high temperorure copour pressure J P BURGER 
osniometr~ 

fen-erchonge sepororlon of ocelonrtde from ommonwn orerore P KI%G and J R SLK*(LER 
and INS derermmo:ton 



~otlc.es 

TJtermaJ AnaJysrs and Potentrometnc Ano+ 

Dlfferettttal tlterntol onall us USqy seJ/;eenerated otmosplteres at P D G-\R\ 
supro-ambrerrt prersttres 

Applrcarro~r o/ d$ierentraJ thermal anal, sts to yuont~ratrc e ano!~sts J JLSTIN and ‘r, BRE~VER 
A wvu-uucro rhernrgm~ ufrefrlc onollser R W TABELI\., 
Detertwturton of~~~osuJpJtontc acd th solutrons coonramn~ Jorge \5 E S~ILLH~X~ and 

~IIIIOI~MIS of h I di oflttortc. stdphut IC ond~uosrtlphontr actds S A A~HHOPTH 
DrflPrenrraJpoteurrontetrtc determtnatrorr ofpaliad~unt tn presence S Blru~\s and J VI~RIC 

of plarrrrfoll 

Compa~rron of methanol H tth hater as soltenr m potentrontetrtc H T H~~ACEK and 
trtrattott of halrder W B S\\ A\\ 

51 mporrrtrrt on Chemrcal Appltcatrons of Far Inpared Spectroscope 

IX 

. . 
The cooled ~ermantwt~ halometer as Q far mfared detector 

A rorttpa~rsotl of the Go/al cell and the thermocouple as fa, 
rttfrared detectors 

For-rnfiared ttt(trtti)ietttatiott Second penerotron 

Specral sump/m,o s L srenl for for tn/iored 

C E JONES,.JR . R HILTOX 
J B DIUREL JR. and 
C C HELW 

<j L CaRLSON 

G T KE~HL. H J SLO~XE and 
U LL 

A J RLSM and 
E H SIECLER. JR 

L OH fi eqrrerro ufiared spectrum a_nd t rhrotronal arsr~wnent of 
,~I,0 WJ 

Jnfra~ed obrorptron stud! of mme metal oxtdes tn the rqyron 
350 to 70 cm-1 

R K HARRIS 

Far mfrared spectra of DL-Ieucote and DL-2-methr Ileucttte 

\ T UCDEVITT. W L BAI_N 
and F F BENTLEY 

L MAY and U ST L EATO\ 

ItlfTared Sampltr!p and A TR 

Arsenrc trrchlorrde ~1 o sohent /or \ MR and IR spectroscope H SZYH~MKI, A BLLEVLE 

Desrptt and appltcatron of a hrxh temperature IR gas cell 
D B~K~LIK and J LAFAUORI 

R \V RI\EHART.G E B~o-.so~ 

Soldertug non-metals to metals for constructton of tmprored JR 
and 4 W CR&LTY 

J S ARD 
absorption cells 

\ets IR absorptton cells for macro to ultramtcro yuantrtres. J S ARD 
rcttltstn,o soldered seals of wtndo~s to metals 

Mtcrosampltnf techntques in the IR 
ATR and specular reficrance tneasuremett:s tn the IR 
Eraluanon of some factors affecttng reproductbrltty of A TR spectra 
Anal! sts of suspendedparttctdates w tth membranefilters and ATR 
ATR anal\srs of the non-rolatile tehtcle in unseparated paint 

R C GORE 
D E hfCCARlHY 
R L HARRIS 
R W Hh\uH and J L DHYER 
R J UcGou a\ 

Apparatus and Equtpment for X-Ray Spectrqpraphrc Anal\ m 

Ejectc of X-ro! tube parameters on~uoresettce ana+ts H T DRYER 
Eflect ofewtratton on X-ro, emtssion tntensittes F BERNSTEIN 
Descrtprron of an aurontattc “rum patlr” X-rqr fluorescent C C &NE 

spectrometer and tts appltcattons toprocess control 
~fultiia~er soap/ilms as analwg crystals in X-ray spectrometr? A J Uaels and K T KLAPP 
Components for X-/uoresceke spectroscopy tn the s-65 A kme- J A DCXXE 

length regtou 
X-radratron anal) sers Some adtauta~es and dtsadcantages of 

I ortous operattn,o technryues R TORLILDSEN 
Automattc ana!) SIS of X-rq, spectrographtc &a R. W DEICHERT 
A new stmtdtaneous spectrometer for ana&sts of the Jtghr cmd J F CROKE and W J PF~XR 

heat? elements m stattc and dy wtttc sa nples 

Thursda> . 5 March Mortttng 

Instrumentation for .Uolecular Spectroscop_) 

A nek routme spectrophotometer J. J J STAUVTO\ and 
R. E Boos~~o~ 

An across-the-counter double beam mtcroscopc spectrophotometer H C DLECKER and 
E R LIPPI\COTT 



x Notms. 

Fcr ormancc of the m&i 350 record@ spcctrophotomctcr in the 

/f ar UVr ion. 
An tmpro ve7 methodfor mcasuri~ optreal rotatory dqerslon 
A prccisiot8 rcwr&w absobttc spccrropWrim.ctcr. 
Ramanspcctra ofs~~~l~~rnp~cs i~i~i~ lattrce vrbratronr. 

A near IR spcctrophotomctcr for physrcal mcosurcments. 

Dcsrgn rfrrncopmcnt of a ncwf%cr-grating IR spcctrophotomctcr. 

Construction and pcrformancc of a frustrated multiple rnternal 
@cctancc IR spcctropkotomcter. 

Continuous IR itutrttmcntation in pack%@ converting opera- 
ti0tU 

1. J. PORRO, H. T. MORSE and 
E. S. GILLETIE 

0. R THIEL and D. C. DEMO~H 
0. K. TURNER 
D, C. NELSON and 

W.N. MULL 
R. C. HAWES, J. R. ENO and 

K. A. WICKER!HEIIH 
c. W. WARREN, A. E CIUPPLE 

and R, P. BAU~N 

P. A. WILKS, JR 

I. L. BRAZER 

Emission Spectroscopy-Excitation Technqucs 

New studus with gar-controlicd arc sources 
lair hollow catho& tnbc as a source for optical emuston spectro- 

A year ofprogrcss b iascr cxcitcd s~ctroseopy 
CXaractcristic3 of the iascr sourcefor spectral excitatton 

T&c htcr as a direct cxeitation source in anaiyttcal emission 
spcctroswpy. 

On the spectral excitation mwhanism and properttcs of htgh 
jiquency pbzstna-fimcs and d.c. plasma-j~ts 

it@rcd 
Vi&rational spcctro of ~~o~~cto~. 
Infrorc and Raman sprctrum of mcthyi rsocyanatc 

Asymmetric rotor bond contours. 
tn@rcd stretchi% frcqncncy of St-F bond 

Infrorcdspectralstudtcs of suipboncs m the 2000-250 cm-’ region. 

Injrarcd s cctra of organophosphatc and organophosphorothroatc 
JTCSWllS. 

busts of Water of kyihltion in inorgantc acetates. 

Infrared spectra of wndcnrrd thtophcncs and thcrr alkyi rkrrva- 
tivcs. 

Thars&y, 5 Mar&: Aftcrnooon 

Coblentr Mcmorral Symposium 
Coblcntz memorial kcturc. 
Dcvclopmcnt of vibrational spctroscopy of high polymers 
Ekctronic spectra of poiyatomic molceuks. 

M. MARoosms 

J.E. PATERSON 
F. B= 
S. D. RASBEKK~, B. F. 

SCRIBNER and 
M. MAR- 

R. L. RUPP and R. Buru~ 

J. VAN C- and W. TAPpE 

c. v. BERNEY 
R. E. WmcowsK~ and 

W. G. FATELEY 
s. c. WAIT 
0. W. MILWI. R. GAONE and 

J.VANE~C 
W.R.-J.E. 

t&-ON and F. F. hm.~y 
L.)(AHN and C. H. WAYMAN 

S. E. W- aad 
K. J. ~NTRAUT 

F. R. M&ON&D and 
0.L COOK 

0. B. B. M. S- 
s. KIubhu 
D. A. RAMSAY 

Emission and Mars Spectroscopy-instrumentation 

Sensitivity andaccuracy of analysis by spark source mass spcctro- J, S. wAY,W. A. 
mctry. wouTWii0LtdEanct 

J. D. WAIDKON 
Discussion of an interfcrencc spectrometer wtth rcsolutron an I. 0. CROIZ and D. C. DurlQfw 

excess of 101 
l%c lasypr&. a device for sampring bge ob]ccts nomicstruc- A. AMAK. 0. CHAPLENKO and 

twciy for emission spcctrochcmical aMfysis D. 0. hNDON 
A llcw visaa~ spectroscope a~& its appli~tion to mcial wtalyscs. Y. TA-A aad 

K. KoRArAsko 



Notrus XI 

Mimmksatron of spec~rol background in@wce ond results of its 
automottc removal m direct rwdmg imtrumentotron for stoin- 
less steels. W.R. KENNEDY 

Multichannel spectrophotometer C. IIDA, K. FIJWA and 
B. L. VALLEY 

Automattc readout system for 0 spectrometer. H. R. Gw, JR. 

Atomic Absorption Spectroscopy 

Stmtdtweous m&t-channel analysts by atomic absorption spcc”o- 
scopy. 

Hollow cotho& rOmps for otomtc absorption spectroscopy. 

Rekvtron between the G-resonance line projile of the hollow 
calho& brnp or &me and absorption intensity in atomic 
abmption. 

Determination of selenmm and tellurium in copper by atomic 
absorption spcc”oplropholometry. 

A.S-~~II~ 
L. R. P. Burus 

C. SMENS, D. C. MANNING 
Rndw.sLAvm 

K.Y-and 
s. MATsuDArM 

S. SPRAGUE, D. C. MANMNC, 
andw. SLAVIN 

Fri&y, 6 March Morning 

Symposium on Applicatton and Inslrumentation for Electron Probe Anolysls 

Aooliwtion of l lretron wobe to dcterminalion of concentration 
‘&dtents a&i dispcsed . 

P 
hase composittons. 

Electron probe and meto iographtc characterisatton of an NBS 
spectrometric low Buoy steel stanabrd. 

Recent a&mces in appkation and instrumentation of elccrron 
probe microanalys&. 

Application of the Zeiboki-Ogtivie empuiwl quantitative calcukv- 
tton method to elccrron beam microanalysis. 

Quantrtorrve microanolysh using the A.E.I. scanning electron 
pro& microanalyser. 

Progress m +stgn of equipment for electron probe onaiysts. 

On the backswttered electron 1-e by silicon P-N junction 
throqh the electron probe X-roy microanalyser. 

D. M. KOITMAN 
R. E. MICHAELIS, H. YAKOWITZ 

and G. A. MOORE 
D.A. MLLFGRD 

S. H. MOLL 

p. W.WRIGHT 
E. DA-. W. E. FOWLER, 

H. NEUHA~~ and 
W.G. SHEQUEN 

S. KIMO~ and H HASHIMOTO 

Symposmm on Spcctro of &orbed Molecules 

Apphwrton of ESR to St&y o 
aL 

heterogeneous catalysis. R. J. KOKES 
IR spectroscopy in SC@ of orption 01 non-metaliic surfaces. R.S. MCDONALD 
Appliwtion of IR spectroscopy to sttt@ of a&orption on metal 

surfaces. J. W. WARD 
Electronic spectra of a&orbed molecules. H. P. LEFTM 
Hydrogen chemisorbed in silicon W. A. PUSKIN 

Emission Spccrroscopy-Aplicolions 

Spectrogrophrc Ltermbtation of siltcon, phwphorus and nickel in A M. LlEBhlAN, R J. CARVER, 
copper-germanium alloys. L A. TISSOT and J. R. ZUBER 

Quontttotme onalys~s of major ond minor wnvtituents of siltcote 
rocks otuimmerols by means of duect re- spectroscopy. 

H_.JSy;,;nd 

Element cohbrottons by plasm0 jet solution spectrography. E. b. SIROIS 
Methanol as o dduent for gas stabihsed arc sources. J. D. NOHE 
Use of 0 nitrogen atmosphere lo r&w matrix eflects in analysts C. K. MATOCHA. J PETIT and 

of oluminium alloys us&q point-to-pkzne spark excitation. W. H. -bJGLE 
Spectrochemicol rlcterminrrtron of cobalt, nickel, oluminium and E. F. MCLATN and W H 

boron in commercial acidgold baths by solution technique. WADE 
A dtrect reading spectrochemtcol procerhrre for measurement of J. F. KOPP and R C. KRONER 
19 mmor elements in natural water. 

Spectrochemicol determination of microgram amounts of tanto- J. E. SCOTT and 
lum, mobium. titanium and hafnium in U,O,. E. R. SHUSTER, JR 

Multr-element spcctrogropkic impurity analysts ofgraphite. 0. V. COBLE and F. V. FAIR 



XII Notuxs 

Frtdo) 6 March Afternoon 

&lectron Drflroctron ond Apphed X- Ro_v Spectrograph\ 

A neu hl,ph vacuum umt for electron dtffroctron combrned *~th M GRIBI, L \CECIU~~ and 
surface electron microscopy L \1 MoL\TF~RD 

X-ro) fluorescent determtnotron of cobalt. rtnc ond Iron In orfomc S A B~RTLIEL~ICZ and 
motrtces E A HAwI~TT 

lnternol stondord X-roy spectrogrophrc procedure for determmo- 
tlon of colccum. barrrtm, zinc and lead in hydrocarbons 

X-ro\ rpectrqprophic determmotron of trace thorium m U,O, 

X-ro! emrrrron onalvstp of solders by solutton technrqrre 

Comhrned X-rol spectrometrrc ond IR method fo) LtermtninR 
sulphonore ond sulphote concentrotlon of&regent ronxe olhyl- 
benzene solurrons 

D~~rtol pro~rommt~~ applred to steel onolysls 

W E BL’R~E L S HNDS. 
G E DEODATO, E D 
SAGER, JR and R E BORUP 

J E. SCOTT and 
E R SHUSTER. JR 

W T BARNES and 
D E WILSO-J 

S D. KULLI~I, W K 
POLLARD and H F SHITH 

P BRECKHENER and 
W E FOULER 

Analyses by MIcrowove ond htfiored, Fluoresence 

Ulcro*ove spectroscopy for compound t&nttJScotion W 0 SW*\, G F CRABLE 
and J C WAHR 

QuontltottLe ono[vsrs by mrcrowoLe spectroscopy G. F. CIIABLE, W 0. SWAN 
J C WAHR 

Ano@trcol opphcotrons of IR spectroscopy wrth grotrngs G KEMMNER 
Ano!,s~s of detergents tn aqueous soluttons using IR spectrometry G JENKINS and D ELLIS 
Chemtcol noture of plastrcfilm surfaces W W Lmc,JR.andJ G COBLER 
Bntodtene-sryrene copolymer rotto by IR spectrometry A. S WEXLER 
Qnonrttotlre determrnotron ofpolychloroprene mtcrostructures by 

IR ond NMR spectroscopy R. C FERGUSOh 
Fluorescence of oromotic hy&ocorbon-1,3,7,9-tetromethylurrc B L VAN DUJREN~~~ 

octd complexes tn the solid stote C. E BARDI 
Polorrzotron of steroid)%~oresence H S STRICKLER and 

R C. GRAVER 
Infrared-Spectm and Mtscelloneous 

Computer hondlmnx of spectra-Ill -Progrommes for evaluotton A SA~TTZKY and J M ROCHE 
of spectrophotometer performonce 

ldenrrjcotron of IR spectra by corn 
a! 

utor P SADTLER and J BIRKENST~CK 
A compator onoly~~s of carbon-hy 

techmques 
ogen stretchtg bat& m the A S. R~SE~%ERG and 

I R spec tro of hydrocarbons. H F.Stm-n 
Vtbrottonol ond NA4R spectra of some methyl aWvottves of the J U. LOWE, A S TOMPA and 

guontdintrrm ton. G B WILHOT 
IR stu(y of the asymmetric methylene stretchrng bond of olkones. A S. ROSENBERG and 

olkenes, alcohols, phenylalkones ond chloro-, bromo- ond rodo- H.F Sr.irr~ 
olkones 

\en group frequency asstgnments H. SLYMAYSKI 
An IR study of keto-enol toutomerism as o functton of sample R T CO~LEY and 

preparation. J A CORNCAN 
LOW frequency O-H . . 0 bond vrbror,ons m hydrogen bonded V ANANTHAYARAYANAV 

cr?stols 
Funher InformatIon can be obtaIned from R. B. FRICIOM. Allegheny Ludlum Steel Corporatron, 

BrackenbrIdge Works, RIvcr Road, Brackenbridge, Pa , U S.A 

,Uondoy-77turs&ty 23-26 March 1964. %cond IntcmtiontIl Symposium on Advmces in Gas 
Chromatography: Sheraton-LIncoln Hotel, Houston, Texas 

The programme IS as follows - 

Monday, 23 March. Mornrng 

Cross-sectron ronrzotton J. E. LOVELO~K 
Concentrarron and moss flow senstttve detectors m ~0s chromo- 

togrophy 1. HALA.Q 
Specrjc detection of holoxens byjlame tontsotion A. KARME~ 



Nome\ XIII 

Monday. 23 Marc/J Afrernoon 

How IO ohrarn maxtmum m/ormaI~un /ram a clrromarog~ am 
IdeJJIJficarJon JJJ parIJcJrlar 

Gas chronJa/gqraphJc characIcrJsaIJon of oJ,ganJc SJJbsfaJJces Jn 
Ihe retenIJon Jndex systenr 

Fhe SpeClfiC rCIeJJllOnS Of lJJOJJOfJuJCIJOna/ orgamc sO/JIIes Jn mono- 
funcrronal hexadecyl JerrvuIJves. 

Pressure volrtnre chaqges Jn a ,gas chromorographrc colJJrJrn 

Fuesday. 24 March MornJJJg 

Gas chromatographrc analysrs of urrnary oesrrogens. 
Gas-lJquJd chromarography of carbohydrates and relared conr- 

pounds 
CharacIerJsaIron and esIJmaIJon of organrc aJJJJnes of bJologJcai 

Jnreresr 
Gas Chromarqgraphtc analysrs of carechol antines 
A new type of lryurd-lryurd and lrqurd-solrd chromarography 

Tuesday, 24 March Afternoon 

Performonce of acgon deIecIors Jn the field mrensJ/ed currenI 
regron 

Measuremenr aJJd JnIerpreIarJon of Ihe C Ierms of gas chroma- 
tography 

FemperaIure lrmrtatrons of stationary phases In gas chroma- 

tography 
A new method of measurmg the di@sJvIIy m the gas phase and 

the obstructron factor 
Egecr of parrrcle-to-column dromerer ratJo on baJui spreadJng. 

Wednesday, 25 March MorniJJg 

AMI SIS 
ry 

of Javours by gas chromatography 
Ana ys~s of sulphur compounds wrIh electron capture//lame dual 

channelgas chromatography. 
T%ermoramrc programmed gas chromatography in the separation 

of very complex mixlures 
Capillary column gas chromatography 

of volarrles from orange otl 
Mass spectral analyses 

Wednesday, 25 March Afternoon 

Prepararive columns 
Simulated distJl&rion by gas chromaro ropl?v. 
AuromaIJc CapJllarygas f 

Iion producrs 
chromatograp y and sampiiq of distiila- 

AJr pollution me@uremenIs by gas chromatography end fime 
JonJsatJon derecrron 

Thursday, 26 March Mornrng 

Gas chromarographtc st~uiy of i@uence ofgeometry wnichemutry 
of srlica surfaces on 1heJr separating and odrorption.properties 

Gas chromatography usrng solid cdrorbcnts 
Appi~~a?~~f~s of csotoprc exchawe in gas chromalogra 
Some properties of graphited black and stationary 

hy. 

chromarography 
d ases in gas 

A I M KEULEMANS 

E KOVATS 

A B LITTLEWoO 
R P W Scorr 

l-l H. WOTIZ 

C C SWEELEY 

E C. HORNING 
C J W BROOKS 
E BAYER 

J Z. KNAPP 

J C GIDDINGS 

S. J. HAWKFS 

J. H KNOX 
J. C STERNBERG 

A I M. KEULEMANS 

K. P DIMICK 

C MERRITT, JR 

R. TERAN~~HI 

C. Y. SACODYNSKY 
L E. GREEN 

D. W. GRANT 

J. L. MONKMAN 

A V. K~ELEV 
L B. Rocx~s 
J TADMOR 

1. HALASZ 

Further mfcxmatlon and rcglrtratlon forms are avallablc from Dr A. ZLATKIS, Chcmlstry 
Department. Umvenlty of Houston, Houston, Texas, U.S.A. 



XI” NOIICC\ 

Monda y-Theo sday I2- 15 Ocroher I964 19th Annual International Instrument-AutomatIon and 
Exhibit of Instrument Society of America: New York City 

Papers are now mvlted for the above meetmg lndlvlduals dctlve In ,111 major dre.is of mstru- 
mentatlon. mcludmg measurement, mformatlon processmg and automatic conrrol, should Fubmlt 
dbstracts to H TYLEI~ MARCY, Vice President-Development, General Products Dtvlslon, lnternat~onal 
Business Machmes Corporation, White Phms. Nev, York. U S 4 (de.ldlme 11 March) The 
theme of the mee.tmg IS World Frontiers in Instrumentation. 

The American Society for Testing and Materials has ,mnounced the nvallabdrty of the 37-volume 
I964 Book of ASTM Standards This reflects the entlre span of today’s knowledge of materials and 
matertals testing Each volume covers a specific field of Interest and mcludes a detalled Index, table 
of contents and numeric list of standards. Begmnmg with the 1964 edmon. the book WIN be brought 
up lo date and pubhshed annually with the various par’s avatlable on the same scheduled date each 
)edr There will no longer be supplements 

PAPERS RECEIVED 
Chelating radiometric titrations by ion exchange for determination of traces of metals: JIRI STAR\ 

JAROM~R R~~ICKA and AWLF ZEMAN (29 JI$J 1963). 

Chromatography of #-substituted-phydroxyazobenzenes on alumina-impregnated papers: R J T 
GRAHAM and C W STONE (9 November 1963) 

4,5-Diamino+thiopyrimidine as a reagent for the spectrophotometric determination of selenium: 
FRANK L. CHAN (2 December 1963) 

Rapid determination of boron in iron and steel by pyrohydrolysis and constant-current coulometry: 
TAKAYOSHI YOGHIMORI, TOMOO MIWA and TSUGIO TAKEUCHI. (2 December 1963) 

Contributions to the basic problems of c&plexometry-XIV: Determination of zirconium. thorium 
and titanium in the presence of each other: RUDOLF PRIBIL and VLADIMIR VESEL~. (2 December 
1963) 

New trace analysis using radioactive isotope: NOBUO SUZUKI (2 December 1963) 
A new oxidiietric reagent: Potassium dichromate in a strong phosphoric acid medium-Ill: Titrhnetric 

determination of cerhun: G C~OPALA RAO, P KANTA RAO and S BHANOJEE RAO (4 December 
1963) 

Precipitation of metal (I-hydroxyquinolates from homogeneous solution-VII: lndium and gallium- 
J P JONES. 0 E. HILEMAN, JR., A. TOWNSHEND and LOUIS GORDON (9 December 1963) 

Precipitation of iadium Il-hydroxyquinaldate from homogeneous solution: J PAUL JONES, ORVILLE E 
HILEMAN, JR, and Louis GORWN (9 December 1963) 

Use of “dead stop” indication of the end-point in chelometric titrations: F VYDRA and J VORLICXK. 
(IO December 1963). 

The use of a hiih frequency Tesln discharge tube for the determination of nitrogen and oxygen in helium: 
P ELMOTT and R E. WILSON. (I3 December 1963) 

Silverll in aqueous per&lot-ate solutions: GARRY A RECHNITZ and SIDNEY B ZAMOCHNICK (24 
Derember 1963) 

Absorptiometrie study of ammonium aurintricarboxyinte as a reagent for palladiumrl: KAILASH N 
MUNSHI and ARUN K. DEY (24 December 1963) 

Colorimetrie determination of cobalt11 by a specific spot reaction: M H HASHMI. A A AYAZ and 
ABDUR RASHID. (30 December 1963) 

PUBLISHER’S ANNOUNCEMENT 

REPRINTS OF RJZVIEW PAPERS 
Reprints of the followmg review pubhshed m Talanta are avatlable from Journals Dcpartmenr. 

Pergamon Press Ltd. Headmgton Hill Hall, Oxford. England, at 7s or SI per copy, on a cash 
with order basts only 

“Precipitation of Metal Chelates from Homogeneous Solution” by F. H Fu-schmg 



Talanta. 1964. Vol. 11. p. II. Pergamon Press Lid Printed m Northern Ireland 

PAPERS RECEIVED 

Zur Entmischung der Lasungsmittel bei der chromatographischen Trennung-III: Einfluss des Akohol- 
Wasser-Verhaltnisses auf den Sorptionsvorgang: JAN MICHAL und GERHARD ACKERMANN. (7 
September 1964) 

A method for increasing the reproducibility of chromatographic parameters in thin-layer chromato- 
graphy: L. S. BARK, R. J. T. GRAHAM and D. MCCORMICK. (8 September 1964) 

The determination of beryllium by means of hexamminecobalt(II1) carbonatoberyllate: R. G. MONK 

and K. A. EXELBY. (8 September 1964). 

Determination of sulphite and stdphurous acid by permanganate using iodine monochloride: H. G. S. 
SENGAR and Y. K. GIJPTA. (8 September 1964). 

New analytical methods based on the principle of quantitative isotope dilution and their application to 
radioactivation analysis: NOBUO SUZUKI. (8 September 1964). 

A coulometric titrator using potentiometric end-point determination: GILLIS JOHANSSON. (9 September 
1964). 

The EDTA titration of iron(II1) in the presence of high concentrations of bismuth: H. FLASCHKA and 

J. GARRETT. (15 September 1964). 

Tetraethylenepentamine-N,N,N’,N”,N”’,N”,N”-hepta-acetic acid as a titrimetric reagent: RUDOLF 

PRIBIL and VLADIMIR VESEL~. (16 September 1964). 

Amperometry with two polarisable electrodes-III: Chelometric determination of iron(III) using the 
indication system of two carbon electrodes: J. VORLfEEK and F. VYDRA. (21 September 1964). 

Precipitation of zirconium tetramandelate from homogeneous solution: JOHN C. ROWE, Lours GORDON 

and WILLIAM G. JACKSON. (22 September 1964). 

Analytical applications of Solochrome Azurine BS: New method for the specific detection of copper: 
UMA TANDON, S. N. TANDON and S. S. KATIYAR. (26 September 1964). 

The reflectance spectra of two solvated uranium 8-hydroxyquinolates: R. J. MAGEE and LOUIS GORDON. 

(26 September 1964). 

The infrared spectra of chelate compounds-IV: A study of the uranyl chelates of 8-hydroxyquinoline in 
the region 5000 cm-l to 250 cm-l: R. J. MAGEE and LOUIS GORDON. (26 September 1964). 

Study of zirconium reaction with arsenazo-III by means of zirconium radioactive tracer: P. P&k, 
J. RAIN and M. KYRS. (28 September 1964). 
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NOTICES 

CANADA 

Mot&y 8 February 1965: First Toronto Symposium on Thermal Analysis. Seaway Towers 
Hotel, Toronto, Ontario. 

The programme will include a technical session, instrument exhibit, dinner and an evening panel 
discussion between speakers and audience. Papers to be presented will be 
Experimental practices and considerations in 

dt~erential thermal analysis. P. D. GARN 
Dynamic thermogravimetry. A. E. NEWKIRK 
Quantitative information from DTA. R. L. &X-ION 
Making decomposition rate measurements on 

simple inorganic chemical powders by TGA. T. R. INGRAHAhr 
Simultaneous thermal methodc. W. W. WENDLANDT 
Applications of thermal analysis to the study of 

polymers. H. W. HOLDEN 
Application of DTA to evaluation and testing of 

catalysts. w. M. tiELY 

Applications of DTA to petroleum chemistry. L. WEBER 

Further details and registration forms may be obtained from Dr. H. G. M&DIE, Ontario Research 
Foundation, 43 Queen’s Park Cresent East, Toronto 5, Ontario. 

DEUTSCHE DJXMOKRATISCHK REPUBIJK 

Die Unterkommission fiir Gas-Chromatographie bei der Sektion Chemie der Deutschen Akademie 
der Wissenschaften zu Berlin (Sekretariat, Leipzig 0 5, Permoserstr&e 15) veranstaltet 

vom 11. bis 14. Mai 1965 in Berlin 
das 

V. Symposium Uber Gas-Chromatograpbie 
in der Deutschen Demokratischen Republik 

Es sind Vortriige zur Methodik und The&e der Gas-Chromatographie, zu vielftiltigen anwend- 
ungstechnischen und zu apparativen Fragen vorgesehen. In den Nebenraumen des Konferenz- 
saales wird eine Ausstellung mit kommerziellen Geraten und Zubehiir fiir die Gas-Chromatographie 
gezeigt werden. 

FRANCE 

Vendredi 15-1-1965: Les dhveloppements rkcents de 1Wxtrochimie orgauique, par M. G. CAUQUIS, 
t3 17 h 30, a l’Ecole Nationale Sup&ieure de Chimie de Paris, 11 rue Pierre Curie, Paris 5e. 

UNDYED KINGDOM 

Friday 8 January 1965: Aunual General Meeting followed by Editing a Scientific Journal, J. B. 
ATTRILL: Society for Analytical Chemistry, Western Section. College of Advanced Technology, 
Bristol, 6.30 p.m. 

TuesaIzy 19 January 1965: Discussion Meeting on Analysis of Polyester Resins, C. H. HUGHES: 
Society for Analytical Chemistry, Midlands Section. University of Birmingham, Edgbaston, 
Birmingham 15, 7.00 p.m. 

Friday 22 January 1965: Annual General Meeting: Society for Analytical Chemistry, Scottish 
Section. More’s Hotel, Glasgow, 1.45 p.m. 

Wednesday 27 January 1965: Discussion Meeting: Society for Analytical Chemistry, Micro- 
chemical Methods Group. The Feathers, Tudor Street, London E.C.4, 6.30 p.m. 

Saturday 30 January 1965: Annual General Meet& followed by address of Retiring Chairman, 
C. J. HOUSE: Society for Analytical Chemistry, North of England Section. Old Nags Head Hotel, 
Lloyd Street, Manchester, 2.15 p.m. 



ii Notices 

At the Twentieth Annual General Meeting of the Special Techniques Group of the Society for 
Analytical Chemistry held on Tuesdav, 24 November, 1964, the followine Officers were elected for 
the forthcoming y&r : 

Chairman: L. BREALEY 
Vi-Chairman: G. F. REYNOLDS 
Secretary and Treasurer: T. L. PARKINSON, Product Research Department, Beecham Food and 

Drink Division Ltd., Harpenden Rise, Harpenden, Herts. 

British Standards Institution has announced the following New British Standard: B.S. 1747: 
Methods for the measurement of air pollution: Part 2: 1964: Determination of concentration of 
suspended matter. This covers the construction and use of apparatus for the determination of fine 
suspended particles (smoke) in the atmosphere, both by comparison with an arbitrary standard and 
by an absolute (weighing) method. (Price: 6s.) 

UNJTED STATES OF AMERICA 

Friday-Saturday 22-23 January 1965 : Symposium on Hydrocarbon Analysis--Future Development 
and Applications: American Society for Testing and Materials, Committee D-2 on Petroleum Products 
and Lubricants. Sheraton-Lincoln Hotel, Houston, Texas. 

The following papers will be presented: 

Fri&y Afternoon, 22 January- Where we are and a look ahead 
The basis for future developments of hydrocarbon 

analysis. S. S. KURTZ, JR. 
Current and future applications of hydrocarbon 

analysis in quality control. L. C. DAWSON 

Potential analytical developments 

Mass spectrometric analysis of hydrocarbons. R. A. BROWN and R. F. STUBBEMAN 
NMR analysis of hydrocarbons and related 

molecules. J. R. ZIMMERMAN 
Absorption spectroscopy of hydrocarbons. R. L. LETOURNEAU 
Applications ofgas chromatography to hydrocarbon 

analysis. J. M. DJETZ 

Saturday Morning, 23 January-Integrated methods approach 
Gasoline and blended fuels. D.M.G. LAWREY 
Analysis of kerosine andgas-oil fractions. R. E. FARRELL, A. J. EHRLER, I. M. NAWR~CKA 

and N. M. INGBER 
Aromatic hydrocarbons in high-boiling fractions. B. J. MAIR 
The molecular complex comprising heavy petroleum 

fractions. J. G. ERDMAN 

Hydrocarbon and non-hydrocarbon impurities 

Trace impurities in hydrocarbons used as raw R. A. KLETT, L. R. KOROUS, R. W. KING 
materials. and R. W. WARREN 

Sulphur compounds in petroleum. C. J. THOMPSON, H. J. COLEMAN, R. L. HOPKINS 
and H. T. HALL 

Basic nitrogen compounds in petroleum. D. M. JEWELL, R. E. SNYDER and J. P. YEVICH 
Non-basic nitrogen compounds in petroleum. D. R. LATHAM, I. OKUNO and W. E. HAINE~ 
Aspects of linear elution adsorption chromatog- 

raphy or extraneous materials. 
If 

L. R. SNYDER 
Researc Division IVof Committee D-2 

leadership: Past, present and future J. F. HICKER~~N 
Further information may be obtained from R. R. WRIGHT, A.S.T.M., 1916 Race Street, Phila- 

delphia, Pa. 19103. 

Sunday-Friday 16-21 May 1965: 13th Annual Conference on Mass Spectrometry and Allied 
Topics: American Society for Testing and Materials, Committee E-14 on Mass Spectrometry. Shera- 
ton-Jefferson Hotel, St. Louis, Missouri. 

In addition to contributed papers, the Conference will include four onehalf day symposia in 
which invited speakers will discuss particular topics. It is expected that over 100 technical papers 
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will be presented during the five day Conference. The general subjects to be covered by the symposia, 
together with those individuals responsible for their arrangement, are as follows : 
Photoionisation and electron impact phenomena: V. H. DIEBLER 
Isotope abundance and atomic weights: A. E. CAMERON 
High resolution mass spectroscopy in organic 

analysis: F. W. LAFFERTY 
Instrumentation developments: W. M. BRUBAKER 

Contributed papers are solicited in research and development topics pertinent to mass spectrom- 
etry and ionisation phenomena. The deadline for submitted abstracts is 15 February, 1965. Con- 
tributed papers and correspondence should be sent to Dr. H. M. ROSENSTOCK, National Bureau of 
Standards, Washington, D.C. 20234. 

ERRATA--Volume 11 

Page 438 : The equations should be numbered (1) and (2) and not (2) and (3). 
Page 438 : In equation (2) [incorrectly numbered (311 the term 2OH- is unnecessary. 
Page 1498, line 2 of the procedure: This should read . . . . . peroxytitanate, Add potassium. . . . . . . 
Page 1550, line 10 from bottom of page : For silver-ZZZ read siloer-111. 
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PUBLICATIONS RECEIVED 

Structure Elucidation of Natural Products by Mass Spectrometry: Volume 1: Alkaloids: HERBERT 
BUDZIKIEWICZ, CARL DJERA%% and DUDLEY H. WILLIAMS. Holden-Day, Inc., San Francisco, U.S.A., 
1964. Pp. xi + 233, 310.50. 

Introduction: Deuterium labelling: Simple indole alkaloids: lboga and voacanga alkaloids: 
Tetrahydro-j3-carboline alkaloids: Eburnamine and related indole alkaloids : Aspidospermine and 
related alkaloids: Akuammicine and related alkaloids: Oxindole and pseudoindoxyl alkaloids : 
Physostigmine and related alkaloids: lsoquinoline alkaloids : Emetine and related alkaloids : 
Colchicine and related alkaloids: Lycopodium alkaloids: Quinazolone and purine alkaloids: Mis- 
cellaneous classes of alkaloids: Index. 

Water and Solute-Water Interactions: J. LEE KAVANAU. Holden-Day, Inc., San Francisco, U.S.A., 
1964. Pp. 101, 85.50. 

The structure of ice. The “vacant-lattice-point” model : The “flickering-cluster” model : The 
“water-hydrate” model: The “distorted-bond” model: Liquid deuterium oxide. 

Alteration of liquid-water parameters. Frank-Evans icebergs: Soft ice: Ion-dipole oriented 
water; Hydrogen-bonded and dipole-dipole oriented water: Proton mobility: Mobility of protons 
in water and ice: Mobility of protons relative to binding sites: The effects of ions on water structure; 
The ion-water interaction; Shortcomings of electrostatic models and recent alternative considera- 
tions; Consequence for proton exchanges. 

References (371) 
Author and subject indexes. 

Bibliography No. 7: Spectroscopy and Spectrophotometry. The Documentation and Supply Centre 
of Robert Maxwell and Co. Ltd., Oxford, England: The Documentation and Procurement Center, 
Manwell Scientific International Inc., Long Island City 1, N.Y., U.S.A., 1964, pp. 15 + ii. Available 
free-of-charge. 

An international Bibliography of Spectroscopy and Spectrometry, including spectral analysis, 
spectrochemistry, but excluding spectral theory. Period covered 1960-l 963. 13 1 entries. 

Selected References to Tracer Techniques: The Radiochemical Centre, Amersham, Buckmehamshire, 
England, 1964, pp. 12, free on application. 

General Texts (11): Labelled Compounds-Preparation (23): Applications of Tracers (30): 
Measurement; General (25); Scintillation counting (40); Gas counters and ion chambers (12); 
Photographic methods (8): Safety Precautions (16). 
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American Society for Testing and Materials has announced that the following publications in the field 
of spectroscopy are now available: 
First Supplement to the Molecular Formula List of Compounds, Names and References to Published 
Znfrared Spectra: STP 331-A (Price $4.50; 83.15 to ASTM members). 
Index of Mass Spectral Data: STP 356 (Price 518.50; 813.00 to ASTM members). 
Molecular Formula List of Compound Names and References to Published Ultraviolet and Visible 
Spectra: SW 357 (Price $6.00; $4.20 to ASTM members). 
Serial Number List qf Compound Names and References to Published Znfrared Spectw: STP 358 
(Price 812.00; $8.40 to ASTM members). 

Copies may be obtained from ASTM, 1916 Race Street, Philadelphia, Pa. 

ERRATUM-Volume 11 

Page 2, line 7: this should read Methods have previously been described . . . 

Page 16, line 2 above formula XIX: this should read In order to study the formation of complexes by 
ffrsenazo , . 

Page 18, line 4 of Synthesis: this should read excess of nitrom acid. . . 
Page 5, insert after Zusammenfassung 

R&sum&--L’utilitC: analytique particulikre de l’Arsenazo-III est due & sa capacitC de former des 
complexes spkcialement stables avec certains elements. Ceci permet le dosage en milieu acide fort 
(HCl, 10 M ou SO,H,) des &ments penta- ou quadrivalents: Pa, NpIv, Th, Zr, Hf, IF; la re- 
productibilitk est bonne, la manipulation facile et l’on ne note que de petites interfkrences d&s aux 
anions. La grande sensibilitk (O,l-O,Ol &ml, coefficient d’absorption molaire 50-150 x 10s) est 
due au grand effet de contraste de la r&action (changement de coloration durose au vert Bmeraude, 
dkplacement du maximum d’absorption de 125 mp), nature de spectre, et enfin possibilit6 d’atteindre 
des dilutions extremes sans dissociation des complexes. 

Page 41, insert after Zusammenfassung 

Rksumk-Les melanges form& d’orthophosphate, de ses polymkres lirkaires supkrieurs jusqu’au 
tridkaphosphate compris et trois polym&es cycliques ont pu &re s&par&s par chromatographie 
d’tkhange ionique. L’un des polym&res cycliques (recontrk dans les verres de polyphosphate . . . 
est probablement le pentam&aphosphate. Sa nature cyclique a &k d6montrke par dosage des groupes 
terminaux et chromatographie sur papier, mais les tentatives de denombrement des atomes de 
phosphore du noyau ont kchouQs B cause de la t&s faible quantitb de produit disponible. l?vidence 
est present&z a l’appui de la supposition courante que les phosphates linkaires supbieurs sont Bluks 
suivant leur degrk de polym&isation. 

Page 46, insert after Zusammenfassung 

R&am&--Une mkthode pour le dosage des trimktaphosphates en prbsence d’oligophosphates 
linkires sup&ieurs au trim&e est developpke. 11 a &C dbmontrb que l’ortho-, It pyro-, at le triphos- 
phate ne sent pas compktement prkipitkspar l’ion baryum, tandis que les phosphates oligomkres 
linkaires de type sup&ieur sont prkcipitb quantitativement. Ces demiers sont isolks des mklanges de 
phosphates par chrr--dtographie d’khange d’anions, mklangks avec des quantitbs connues de 
phosphates cycliques, at prkipit& par l’ion baryum. Une erreur moyenne de +0,8 et un &art 
standard de 5 3 micromoles de phosphore de l’ion cyclique a ktk mise en evidence dans les melanges 
contenant de 0 B 203 micromoles de phosphore sous forme de trimktaphosphate en prksence de 0 B 81 
micromoles de phosphare sous forme de polymkes linkaires, 

Page 49, line 1: this should read using barium diphenylamine . . . 
Page 57, line 1: this should read between ammonium ion and chloramine-T . . . 
Page 57, insert after Zusammenfassung 

R&sum&-La chloramine-T oxyde quantitativement la thiourk en u&e et l’ion sulfate en milieu 
neutre et en milieu basique. L’oxydation est totale en 2 minutes m&me en prksence d’un kger exc&s 
d’oxydant. L’uree et l’ion ammonium ne sont pas g&ants si l’oxydation est effect&e en milieu 
alcalin. 
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PAPERS RECEIVED 

Frontal sol~~tion ~o~t~~y: HARVEY D. SPITZ, I%RBERT L. ROTHBART and WM. RIEMAN 
III. (8 October 1964) 

Simultaneons calorimetric determination of tl~allimn~~~ and thalliumv: M. H. HASHMI, ABDUR 
RASHIQ HAMID AHMAD and A. A. AYAZ. (14 October 1964) 

Pohuograpbic study of the uranyl-pyrophospbate complex in the presence of various surface-active 
s~~bstances: TSAI-TEH LAI and SONG-JEY WBY. (16 October 1964) 

Contributions to the basic problems of complexometry-XVIII: Maskbig of iron with iluoride: R. P&IEZL 
and V. Vxsrz*. (16 October 1964) 

Synthesis of ~~~o~e and the use of some of its colour reactions in analytical chemistry: M, BERAN 
and S. HA~EIXA. (16 October 1964) 

Photometric determination of niobium with H2-thiaxolylaxo)resorcinol: %NCESLAV PATROVSK~. 
(16 October 1964) 

The determination of sulphate with barium cbloranllate: J. E. BARRY II. (16 October 1964) 
Applications of nuclear and electron magnetic resonance in analytical chemistry: A review: B. D. 

FLOCKHART and R. C. PINK. (19 October 1964) 
A new oxidlmetric reagent: Potassimn dichromate in a strong ph~~oric acid medium-IV: Titrimetric 

detention of ~adi~Iv and cerhnnlrx alone and in mixtures of iron” with ~otome~ic 
end-points: G. GOPALA RAO and P. KA~A RAO. (19 October 1964) 

Contribution to the basic problems of complexometry-XIX: Determination of zinc and cadmium: 
,G-Mercaptopropionic acid as a masking reagent for cadmium: R. P&IBIL and V. VESEL~. (26 
October 1964) 

Spectrophotometric determination of copper witb complexones: I-Ethylene&mine-N,N’-dbnethylacetic 
acid: J. J. R. FRAUSTO DA SILVA, 3. C. GONCALV~S CALADO and M. LEGRAND DE MOURA. 
(26 October 1964) 

caption of micro-amounts of sulphur in organic s&stances by a combustion method followed by 
reduction: TSUGIO TAKEUCXI, IWA~ Fu~rs~& and Yuzo WAKAYAMA. (27 October 1964) 

Determbvation of potassium by a titrimetric method: TADASHI IWACHIM). (27 October 1964) 
Chelating resin&heir analytical properties and applications: A review: G. SCHMUC&ER. (28 

October 1964) 
Amperometrische Bestimmungsmethode des Tbioacetamid (TTA): MARIA PRYSZCZEWSKA. (30 

October 1.964) 
~v~ga~~ of the behaviour of moly~~~~D in formic acid solutions of ionexcbange resins: 

D. A. SHLYHKOV and E. G. KOLEVA. (4 November 1964) 
Investigation of the behaviour of tungsten(W) in formic acid solutions of ion-exchange resins: D. A. 

SHIB~KOV and E. G. KOLEVA. (4 November 1964) 
Investigation of the cation-exchange behaviour of molybdenum(VI) ln bydrocbloric alcohol solutions: 

D. A. SH~HKOV and L. G. SHISHKOVA. (4 November 1964) 
Determbration of sulphur chloride by oxidation with chloramine-T: D. K. PADMA and A. R, VASIJDEVA 

MXJRTHY. (5 November 1964) 
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PUBLISHER’S ANNOUNCEMENT 
REPRINTS OF REVIEW PAPERS 

Reprints of the following reviews published in Talanta are available from Journals Department, 
Pergamon Press Ltd., Headington Hill Hall, Oxford, England, at 7s. or $1 per copy, on a cash 
with order basis only: 

“Precipitation of Metal Chelates from Homogeneous Solution” by F. H. Firsching. 

“Recent Developments in the Ring Oven Technique” by H. Weisz. 

“Absorption Indicators in Precipitation Titrations” by R. C. Mehrotra and K. N. Tandon. 

“Radlometric Titrations” by T. Braun and J. TGlgyessy. 
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PAPERS RECEIVED 

Application of the measurement of thermoelectric tension in chemical analysis-I: Determination of 
silicon in cast iron: A. KRAJINA and J. DOLEZAL. (19 December 1963) 

Rapid chemical analysis of silicate rocks: C. 0. INGAMELLS. (20 December 1963). 

The identification of metavanadate anion by infrared spectroscopy: ILEANA LUK~CS, CONSTANTA 
STRUSIEVICI and ERIKA HAMBURG. (1 Januury 1964). 

Correction for the separation of hydrogen isotopes during distillation in the determination of trithnn: 
C. J. RILEY and H. BROOKS. (2 January 1964). 

A new spot test for titanium with resacetophenone-oxime: S. G. KALURMANDALGI. (2 January 1964). 

Potentiometric detennhmtion of vanadium as silver orthovanadate: RAM SAHAI SAXENA and OM 
PRAKASH SHARMA. (2 January 1964). 

Separation of Eua+ and Aura+ by solvent extraction of their metal&elate complexes: TATSUYA SEIUNE 
and DAVID DYRSSEN. (6 January 1964). 

Ammonium hexanitratocerate-(IV) as an oxidising agent-III: Photometric determination of manga- 
nese*I through oxidation to manganesevlI: G. GOPALA RAO, K. S. MURTY and P. V. KRISHNA 
RAO. (6 January 1964). 

A new oxidimetric reagent: Potassium dichromate in a strong phosphoric acid medium-IV: Titri- 
metric determination of uranium Iv alone and in mixtures with iron”, manganeseIT, ceriumllT or 
vanadhunTv: G. GOPALA RAO and P. KANTA RAO. (6 January 1964). 

Contribution to the basic problems of complexometry-XV: Determination of thorium and scandhrm 
in the presence of each other: RUDOLF %BIL and VLADIMIR VESEL~. (6 January 1964). 

l&r eine neue Klasse von Adsorptionsfluoreszenxindikatoren: ANTONI BA~I~KI and KAVMIERZ 
KICIAK. (13 January 1964). 

The feasibility of fast neutron-activation analysis for copper content determination in low silesian 
copper deposits: LUDWIK G~RSKI, WLODZIMIERZ KUSCH and JOLANTA WOJTKOWSKA. (13 
January 1964). 

The photosensitivity of l,lO-phenanthroline complexes with tervalent iron: J. NOVAK and H. AREND. 
(17 January 1964). 

Cation-sensitive glass electrodes: Response to alkali metal ions in partially aquated media: G. A. 
RECHNITZ and S. B. ZAMOCHNICK. (18 January 1964). 

Spectrophotometric determination of anthraquinone disulphonic acid sodhun salt and its reduced form: 
J. DUBIK and J. GALLUS-OLENDER. (20 Junuur_y 1964). 

Separation of certain cations from mixtures of various cations on ion-exchange papers-IV: Arsenic, 
cobalt, magnesium, manganese, mercury, nickel and vanadium: JOSEPH SHERMA. (27 Jarmary 1964). 

The conducthnetric determination of fluorides: A. DE SOUSA, A. R. NANA and G. E. CAMERON. 
(28 January 1964). 

Determination of cobalt ions by a differential spectrophotometric method: A. PALL, G. SVEHLA and 
L. ERDEY. (28 January 1964). 

A new principle of activation-analysis separations-VII: Substoichiometric determination of traces of 
arsenic: A. ZEMAN, J. RftilE~, J. STAR* and E. KLEEKOVA. (28 JUWU~~ 1964). 

A new principle of activation-analysis separations--WI: Substoichiometric determination of trams of 
arsenic: J. RI%%KA, J. STARP and A. ZEMAN. (28 January 1964). 
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PAPERS RECEIVED 

The electrolytic determination of rhodium and its separation from iridium: W. A. E. MCBRYDE and 
N. A. GRAHAM. (1 November 1963) 

The determination of tetraethyhhiuram disulphide and elemental sulphur in organic extracts using the 
cathode-ray pohuogram: A. F. TAYLOR. (1 November 1963) 

Suhstoichiometric determination of traces of metals: J. STAR+ and J. RCJZI&A. (4 November 1963) 
Ultrasonic study of the complex formed by chrome axurol S with tervalent alnminhun: SATYA 

PRAKASH, AUKH DHARI PANDEY and JATA DHARI PANDEY. (12 November 1963) 
A new oxidimetric reagent : Potassium dichromate in a strong phosphoric acid medium : IL--Titrhnetric 

determination of vanadiumlv: G. GOPALA RAO and P. KANTA RAO. (12 November 1963) 
Microtitrimetric estimation of plutonium II1 and hydrogen peroxide present with plutonhu0 in hydro- 

chloric acid solutions: P. V. BALAKRISHNAN, A. S. GH~~H MAZIJMDAR and B. N. SINGH. (12 
November 1963) 

Zur Kenntnis der Gibbs&hen Farbreaktion auf Phenole: F. FEIGL, V. ANGER and H. MIITERMANN. 
(13 November 1963) 

Spectrophotometrfc determination of microamounts of nitrogen with organic solvent extraction: 
MICHJKO NAMIKI, YACIIIYO KAKITA and HIDEHIRO GOTO. (15 November 1963) 

Spot tests for chlorate, bromate and Mate: ERVIN JUNGREIS and LINA BEN-D• R. (18 November 1963) 
Nachweis und quantitative Bestimmung von chlorierten Cyclopentadienderivaten durch Gaschromato- 

graphie und UV-Spektrophotometrie: L. LECHNER and A. SOMOGYI. (22 November 1963) 
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Reprints of the following reviews published in Talanta are available from Journals Department, 
Pergamon Press Ltd., Headington Hill Hall, Oxford, England, at 7s. or $1 per copy, on a cash 
with order basis only: 

“Precipitation of Metal Chelates from Homogeneous Solution” by F. H. Firsching. 

“Recent Developments in the Rii Oven Technique” by H. Weisz. 

‘Absorption Indicators in Precipitation Titrations” by R. C. Mehrotra and K. N. Tandon. 
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PAPERS RECEIVED 

The dete~ation of sodium, ~~~i~, mania, manganese and cah.%un in cement by atomic- 
absorption s~t~photomet~: TSUGIO TAKEUCHI and MASAMI SUZUKI. (30 January 1964). 

Feasibility of gas-liquid chromatography for the quantitative determination of the I abm&ium~~~, 
galliuml**, indium”’ and beryllium*1 trithtoracetylacetonates: J. E. SCHWARBERG. R. W. MOSHIER and _ 

J. H. WALSH. (4 February 1964). 
The apparent invalidity of Beer’s Law in acid bichromate solutions: J. AGTERDENBOS. (4 February 1964). 
Anion-exchange behaviour of uranium, thorium, the rare earths and various other elements in hydro- 

chloric acid-organic solvent media: J. KORKISCH and I. HAZAN. (7 February 1964). 
A rapid and specific titrimetric method for the precise dete~~tion of uranium using ferrous sulphate 

as reductant: W. DAVIES and W. GRAY. (IO Fe&ruary 1964). 
Lead tetra-acetate in anhydrous acetic acid as an oxidising agent: GIOVANNI PICCARDI. (11 Februury 

1964). 
Separation of commercial diphenylcarbazone into its components: J. J. R. F. DA SILVA, J. C. G. CALADO 

and M. L. DE MOURA. (II Fe6runry 1964). 
Quantitative Stickstoffbestimmung bei Nitriden von obergangsmetallen: W. KERN und G. BRAUER. 

(11 February 1964). 
Recent developments in ring-oven technique: H. WEISZ. (12 ~e~r~ur~ 1964). 
The use of Tesla-luminescence spectra for the determination of nitrogen in helium: P. EMMOT and 

R. E. WILSON. (13 February 1964). 
Heterogeneous and homogeneous nucleation of barium sulphate: DAVID H. KLEIN and BERNARDO 

FONTAL. (14 February 1964). 
Radiometric titrations: T. BRAUN and J. TOLGYESSY. (15 February 1964). 
Application of cation-sensitive glass electrodes to the study of alkali metal complexesI1: Use of a 

potential comparison method: G. A. RECHNITZ and S. B. ZAMOCHNICK. (15 February 1964). 
Analytical application of Schiff’s bases: S~~photometrie dete~nation of iron”* with the ditium 

salt of the Schiff’s base derived from 3-aldehydesalicylic acid and ethyienediamine: SAILENDRA 
NATH PODDAR and KAMALENDU DEY. (15 February 1964). 

Contribution to the basic problems of complexometry-XVI: Determination of indium and gallium in the 
presence of each other without the use of a screening agent: RUDOLF PRIBIL and VLADIMIR VESEL+. 
(17 February 1964). 

Studies in organic reagents used in inorganic analysis-I: Dalzin: Stracture, selectivity and ionisation 
constant: N. K. Dun and A. DUITA AHMED. (17 February 1964). 

Studies in organic reagents used in inorganic analysis-II: Dalzin: Determination of constants of 
equilibria: N. K. DUTT and A. DUTTA AHMED. (17 February 1964). 

A new method of titrimetric determination of tin”’ with potassium hexacyanoferrate(II1) in alkaline 
solution: HALINA BAS&KA and WIES~AW WISNIEWSKI. (17 February 1964). 

Photometric titrations-IX: The DTPA titration of zinc in the presence of cadmium and other metals: 
H. FLASCHKA and J. BUTCHER. (18 February 1964). 

An investigation of fast-neutron-activation analysis for the determination of oxygen in metals: WILLIAM 
F. HARRIS: (21 February 1964). 

Analytical uses of bromanilic acid: R. B. HAHN, P. T, JOSEPH and G. G. SAL~ICCIOLI: (21 February 
1964). 

Spectrophotometric determination of palladium with 2-pyridinaldoxime: RONALD T. PFLAUM and 
MILAN W. WEHKING. (21 February 1964). 

Solvent-extraction studies of phosphonium salts and their analytical applications-IV: The separation 
and determination of piatinum: PASCHOAL SENISE and LUIZ R. M. PITOMBO. (24 February 1964). 

The polarographic determination of dissolved oxygen in petrol: GORII~N L. WODDROFFE. (24 ~e~~uffry 
1964). 

Indirect complexometric determination of mercuryi’ ions in the presence of other ions: OMORTAG 
BUDEVSKY and RAINA R~JSSINOVA. (28 February 1964). 

Spectrophotometric determination of iron” with bis-3,3’-(5&dimethyl-l,t&triazine): RICHARD E. 
JENSEN and RONALD T. PFLAUM. (28 February 1964). 

(i ix 



X Papers received 

Indirect complexometric determination of phosphate ions by precipitation with zirconium ions: 0. 
BUDEVSKY, L. PENCHEVA, R. RU~SINOVA and E. RUSSEVA. (28 February 1964). 

The InfIuence of foam temperatures in boiling solutions on ebtdliometric measurements: C. HEITLER. 
(2 March 1964). 

The determination of ester groups by ethanolysis: C. HEITLER. (2 March 1964). 
Semi-micro determination of silicon and phosphorus in fluorinated organic materials: A. J. CHRISTOPHER. 

T. R. F. W. FENNELL and J. R. WEBB. (4 March 1964). 
L’utiiisation des membranes pour indiquer le point d’&privalencc+I: La membrane de papier-parchemin 

impregne de BaSO, pour titrer par neutralisation les acides et les bases fortes: C. LITEANU et 
M. MIOUSCU. (4 March 1964). 

The chelating properties of Dowex A-l: H. LOEWENSCHUSS and G. SCHMUCKLER. (5 March 1964). 
Spectrophotometric determination of zinc with 0-(24hiazolylazo)-phenol compounds: AKIRA KAWASE. 

(5 March 1964). 
Extractive titrations using metallochromic indicators. JAROM~R RIYXKA. (9 March 1964). 
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PUBLICATIONS RECEIVED 

Theorie und Praxis der gravimetcischen Analyse: LASZL~ ERDEY. Band I, Theoretischer Teil, S. 382, 
$9.00: Band II, Bestimmun~ der Kationen. S. 802, $18.00: Band III. Bestimmuna der Anionen. 
S. 340, $13.00. ’ Akademiai%ado (Publishing House of the Hungarian Academ: of Sciences); 
Budapest, V, Alkotm&ny utca 21, Hungary, 1964. 

Band I: Einleitung: Qualitative und quantitative Analyse; 
Analyse; Die Eigenart der quantitativen Analyse; 

Die Bedeutung der quantitativen 
Methoden der quantitativen Analyse; Die 

Menge der analytischen Probe; Das Ziel einer wissenschaftlichen Analyse; Das Ziel der tech- 
nischen Analvsen: Verfahren der Gewichtsanalvse: F%llunesverfahren der Gewichtsanalvse. 

Operationei der ‘Gewichtsanalyse: Probenahme ‘& Vorbereytung der Substanz; Die Einw&ge 
der Substanz zur Analyse; Die Auflijsung der Probe; Der AufschluB der Substanz-Hochten- 
peraturreaktionen; Die praktische Diirchfuhrung des Aufschlusses; Veraschen und Zerstorung 
organischen Substanzen; Fallung; Das Filtrieren und Auswaschen des Niederschlages; W&me- 
behandhmg von Niederschltigen~ Das Trocknen und Glilhen; Auswaage des NTederschlags; 
Die Berechnune der Ereebnisse der Analvse: Fehler der Analvsen. 

Trenntm~sver&hren: tie Trennung dur&h f;actionierte F&l&g; Die Trennung mit organischen 
Reagenzien; Tremmng von festung Stoffen durch selektive Au&sung; Die At&sung-mit Hilfe 
von mit Wasser unmischbaren Liisunasmitteln (Extraktion): Kollektoren: Die Trennune mit 
Ionaustauscher-Ionenaustausch-Chrgmatographie; Adsorptions- und Verteilungschro~ato- 
graphie; Papierchromatographie; Die Trennung von fliichtigen Stoffen; Indirekte Analyse; 
Elektrogravimetrie. 

Die Bestimmung des Wassergehaltes von Festen Stoffen; Wasserdampftension; Adsorption des 
Wassers an der Oberl%che von festen Stoffen; Okklusion des Wassers in der Kristallen; Gravi- 
metrische Bestimmung des Wassers durch thermisches Trocknen; Indirekte Wasserbestimmungs- 
methoden; Direkte Wasserbestimmung; Weitere Verfahren zur Wasserbestimmung. 

Namenverzeichnis. 
Sachverzeichnis, 7 S. 
Band II: Bestimmung und Trennungsverfahren: Klasse der Kationen; Ag, Pb, Hg, Cu, Bi, 

Cd: 2. Klasse der Kationen: As, Sb. Sn. Ge. Au. Pt (und die Platinmetalle). Se. Te: 3. Klasse 
der Kationen; Al, Fe, Cr, Ni, Co, Zn, Mn, Ti, (Zr, Hf), Th (und die seltenkn Erden), SC, (Nb, 
Ta), MO, W, V, U, Tl, In, Ga, Be: 4. Klasse der Kationen; Ca, Sr, Ba: 5. Klasse der Kationen; 
Mg, Na, K, Li, NH4+. 

Nahmenverzeichnis. 
Sachverzeichnis (23 S.) 
Band ZZZ: Inhaltsverzeichnis zum I Band : Inhaltsverzeichnis zur II Band : Bestimmung und 

Trermungsverfahren: Chlor (Cla, HCl, HClO, HCIOII, HCIO,: Brom (HBr, HBrO, HBrO,): 
Jod (Js, HJ, I-DO, HJO,, JO*): Fluor (F,, HaFa, H,SiF3: Cyanid: Thiocyunat (Rhodumid): 
Schwefel (S,, HaS20s, HBSIOd, HISOd, H&O,, HBSB08): Stickstoff (HNO,, HNO*): Phosphor 
(P,, HsP, HsPOa, HsPOs, HlPB08, HIIPOI, [HPO,],, H,P,O,): KohZenstofl(C, CO, CO*, H&OS): 
Silicium (Si, SiO*, H,SiO&: Bor: Anhang; Reinigung der bei der Analyse gebrauchten Geftie; 
Die zu Analysen benutzten Reagenzien: Die zu Analysen benutzen Gase: Konzentration der 
Reagensliisungen und der zu bestimmenden Losungen : Numerische Berechnung der Ergebnisse. 

Bibliographie (77 Referate). 
Tabellen (Loslichkeitsprodukte der wichtigeren analytischen Niederschlage bei Zimmertem- 

peratur; Stbchiometrische Facktoren; Gekiirtze Filnfstellige Logarithmentafel: Interpolations- 
diagramm). 

Namenverzeichnis. 
Sachverzeichnis (7 S.) 
The Determination of Sterols: Society for Analytical Chemistry Monograph No. 2. The 

Society for Analytical Chemistry, 14 Belgrave Square, London, S.W.l, 1964, pp. 72,15s: $2.00. 
Six papers originally presented at a Meeting of the Society held on May 2nd 1962. 
G. S. BOYD: Determination of cholesterol for clinical purposes. J. GLOVER: Determination of 

cholesterol and ‘I-dehydrosterols. C. J. W. BRINKS: Gas-chromatographic examination of 
sterols. J. H. RECXXIRT and R. K. BEERTHUS: The detection of animal fats in vegetable fats by 
gas-chromatographic analysis. W. E. DAVIES, T. W. GOODWIN and E. I. MERCER~ The ident& 
cation and determination of slant sterols. E. V. TRUTER and B. BUSH: Determination of sterols 
(of wool wax) by the Liebermann-Burchardt reaction. Discussion. 

” 



Notices V 

Monday 30 November-Friday 4 December 1964: Short Course on Gas Chromabgraphy : Instrument 
Society of America. Carnegie Institute of Technology, Pittsburgh, Pa. (see Talanta, 1964, 11, 
August iii). 

New standard samples for four groups of copper-base alloys have been issued by the National 
Bureau of Standards Institute for Materials Research. Several samples, which vary in composition, 
are available for each of the alloys-free-cutting brass, gilding metal, commercial bronze and 
aluminium brass. These standards have been prepared primarily for optical-emission and X-ray 
spectrochemical analysis calibrations and are in a form convenient for such use. 

American Society for Testing and Materials has compiled the Wyandotte-ASTMPunched Card Index 
for finding and correlating infrared spectral absorption data using programmed tapes for computers. 
These tapes are used in connection with the Codes and Instructions for the Wyandotte-ASTM 
Punched Card System. This system facilitates the sorting of spectral data in matching spectrograms 
in qualitative analysis. Further information is available from Dr. L. E. KUENTZEL, ASTM, 1916 
Race Street, Philadelphia, Pa. 19103. 

American !3ociety for Testing and Materials has announced the availability of the following pub- 
lication : 
ASTM Star&r& for Industrial Water and Atmospheric Analysis: Part 23 of 1964 Book of ASTM 
Standards (Price $13.00; $9.10 to ASTM members). This contains 98 standards of which 58 are new 
or have been revised since the publication of the 1960 edition of Manual on Industrial Water-D-19, 
which it replaces. The contents include industrial water-sampling and analytical methods, corros- 
tests, methods of reporting; atmospheric analysis. 

ERRATA-Volume 11 

Page 1098: The structural formula for compound III should be 

[ 

o-N=N--Q-NH,.Ag +NO,- 

0 1 \ / 

Page 1121: The title should read Calorimetric determination of cobalt” 
Page 1136, Table I: the second entry in the last column should read 0511 MeV 
Page 1137, Table II: The entries in the third column should read 0511 MeV and 1.04 MeV 
Page 1177 : This paper should read Eingegangen am 15. Februar 1964 
Page 1200, Table III: The heading to the fifth column should read Found, O,OSM, ml 
Page 1203 : This paper should read Received 10 February 1964 
Page 1239: This paper should read Received 18 March 1964 
Page 1249: This paper should read Received 9 April 1964 
Page 1275: This letter should be dated 26 March 1964 
Page 1284, Fig. 5: This should read y0 = O%, etc. 
Page 13 13, line 4 of Experimental : This should read 1,2-diaminocyclohexanetetra- 
Page 1314, line 2 of Apparatus: This should read photoelectric attachment 
Page 1314, line 8 under Results and Discussion: This should read a molar ratio of 1: 1, V: (X0), 
Page 1325, second footnote to page: Delete Preparation: 
Page 1329: This should read Table I 
Page 1350, line 14 of Results and Discussion: This should read measured in l-ml cells 
Page 1355, reference 6: The journal should read simply Japan Analyst 
Page 1366, line 3 above Procedure: This should read (1 ml E 100 pg of cudmium) 
Page 1367, line 7 from bottom of page: This should read chromium( VI), remaining after uoiatilisation, 

to chromium(IZZ) 
Page 1377, line 2 under Calculations: This should read 6-7 MeV 

a 
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PAPERS RECEIVED 

Dii ti~e~ic detentbra tion of iron witb d&odium ~~~e~~~ &&a-acetate: L. W. h%ARPLJ$ 
(2 April 1964). 

Extraction and spectrophotometric determination of microamouuts of ahmdnium, chromium, copper, 
iron, manganese, molybdenum and nickel in pure water: Use of 8-hydroxyquinaldhre and dimetbyl- 
glyoxime as reagents: KENII MOTOJIMA znd NA~UMI ISHIWATARI. (3 April 1964). 

Determhmtion of scandium, yttrium, samarium and lanthanium in standard silicate rocks G-l and W-l 
by neutron-activation analysis: H. B. DESAI, R. KRISHNAMOORIX~ IYER and M. SANKAR DAS. 
(9 April 1964). 

Tfie damnation of phosphate in the presence of calcium by the va~domoly~te method: M. L. 
RICHARJXON. (9 ApriI 1964). 

Successive determination of thorium and rare earths by complexometric titrations: ASIM K. GUPTA 
and JACK E. POWELL. (10 April 1964). 

Ammo&m hexanitratocerate(IV) as an oxidising agent-IV: Titration of hydrazine and isonicothdc 
acid hydrazlde at room temperature: G. GOPALA RAO and P. V. KRISHNA RAO. (13 April 1964). 

A study of the oxidation of manganese(D) and chromium(lIl) ions by silver(D) oxide: C. P. LI~OYD and 
W. F. PICKERING. (14 April 1964). 

Some problems in the analysis of gaseous d~m~sition products: PAUZ D. GARN. (15 April 1964). 
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Notices 

ERRATA 

Page 105, line 18 of Summary: this should read Ccrfak [sodium nuphthalene. 
Page 105, line 6 from bottom of page: this should read [sodium nuphthalene. 
Page 271, line 4 of Summary: this should read 

by the equations log k = -11.372 +’ 0.01281 and y = 45.5 - 0182r. 
Page 288, line 1: this should read I= xX,/n. 
Page 288, line 2: should read standard error of Y, = log KH,. 
Page 290, Fig. 4: this should read @ - KD in DzO. 
Page 292, line 4: this should read than for DIO. 
Page 292, line 10: this should read thanfor H20,‘s. 
Page 292, line 23: for liberation read libration. 
Page 292, line 25 : for liberational read librational. 
Page 340, Table III : the units in the headings to columns 6, 7 and 8 should read V and not u. 



ADVISORY BOARD OF TALANTA 

The Editorial Board and Publishers of TALANTA take pleasure in welcoming the following new 
members to the Advisory Board of the journal: 

A. I. BUSEV N. TANAKA 

L. B. RCGERS D. w. WILSON 

Also, they would like to record their sincere thanks for the help given by 

C. E. CROUTHAMEL 

who retires from the Advisory Board. 

ALEKSEI IVANOVICH BUSEV (U.S.S.R.) was born in 1919. 
He defended a thesis for the degree of Candidate in 
Chemistry in 1946 and a thesis for the degree of Doctor 
in Chemistry in 1952. From 1953 to 1955 he worked as 
Lecturer and subsequently as Professor in the Chair of 
Analytical Chemistry, M.V. Lomonosov State University, 
Moscow. Since 1953 he has been a member of the 
Commission on Analytical Chemistry of the Academy of 
Sciences of the U.S.S.R. Professor Busev’s most impor- 
tant work has been on organic analytical reagents and 
the analytical chemistry of the rarer metals. He has 
published a number of monographs on these metals. 



Born in 1917, LOCKHART B. ROGERS (U.S.A.) studied at 
Wesleyan University for his B.A. (1939) and Princeton 
University for his Ph.D. (1942). Thereafter he held 
various positions before moving to Massachusetts 
Institute of Technology in 1948. In 1961 he was ap- 
pointed Professor and Head of the Analytical Chemistry 
Division at Purdue University. He is a past Secretary- 
Treasurer and past Chairman of the Division of Ana- 
lytical Chemistry of the American Chemical Society. 
His main research interests are in analytical separations 
(electroanalytical, gas chromatographic) and trace 
analysis (polarography, coulometry and fluorimetry). 

N~BUYUKI TANAKA (Japan) was born in 1920 and edu- 
cated at University of Tokyo, where he received his B.S. 
(1941). He was appointed Assistant Professor at Univer- 
sity of Tokyo in 1947 and obtained his DrS. there in 
1948. From 1952 to 1954 he worked as a Research Fellow 
with Professor I. M. Kolthoff at University of Minne- 
sota (U.S.A.). Since 1955 he has been Professor of the 
Department of Chemistry at Tohoku University, Sendai. 
His fields of research include co-ordination chemistry, 
electrode kinetics and electroanalytical chemistry. 
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ERRATUM-Volume 1 I 

Page 7, line 2 from bottom: for TR read rare earths 
Page 295, line 1 of Summary: this should read Equilibrium constants of theprincipal reactions 
Page 295, penultimate line of Summary: this should read A variation of ca. 0.2pH unit 
Page 295, line 3 of Reagents: this should read photometrically at 520 mu, was 
Page 297, line 5: this should read cyanide-ammonium sulphite mixture 
Page 299, line under equation (1) : this should read PbB+ and Pb(HDz), 
Paee 299. eauation (4c): this should read 

k 
3 

= [HPbO,-l(aH+)” 
IPb2+1 

Page 300, line 2: this should read 

C[Pb] = [Pb”+] + [PbOH+] + . . . . [PbHDz+] + . . . [PbX+] + . . . 
Page 302, line 11: for PbHDz- read PbHDz’ 
Page 302, line 16: for nitrate read citrate 
Page 304, line 3 under Fig. 4: for PbHDz- read PbHDz+ 
Page 305, line 4: this should read 

[PbB’][HDz-I2 = 3 x 1OV x 7 x 10WB = 2 x 1O-2a 

Page 306, line 4: for 0.009M read 0.09M 
Page 306, line 11: for electrode read glass electrode 
Page 306, line 2 above Fig. 5: for Fig. 4 read Fig. 5 
Page 311, Fig. 8: this should read 

n-Reversion method: 10 ml of aqueous phuse 

Page 312, equation in mid-page: this should read 

[Pb(HDz),l, = @[Pbl - c[SJ f KW’bl - X;[W + 4 x 5.6 x 10-S[H,H~],*}“2 
2 

Page 313, line 1: for Proctor read Procter 
Page 313, reference 2: for S. Vallenga read S. Vellenga 
Page 421, line 21: for molydbenum read molybdenum 
Page 474, line 18 from bottom: this should read (4aminophenyl)morpholine and N-(k?minophenyf)- 
piperazine 
Page 474, line 12 from bottom: this should read . . . . . and (vi) 2.0 ug of CN-/ml of the finaI solution 
tested . . . . . . . . 
Page 474, line 10 from bottom: for 0.2 ml of saturated bromine water read 2.0 ml of saturated bromine 
water 
Page 474, line 9 from bottom: for 0.2 ml of arsenious acid read 2.0 ml of arsenious acid 
Page 474, line 7 from bottom: this should read . . . . . and a 5.0-ml aliquot . . . . 
Page 475, line 9: this should read . . . . . for amines Nos. I, 5, 6, 7 and IO (Table ZZZ) 
Page 479, reference 15: this should read . . . . . Carcinogenic and Chronic Toxic Hazards of Aromatic 
Amines . . . , 
Page 499, line 17: this should read . . by a 130mlfraction . . . . 
Page 534, line 12 from bottom: this should read 

C solid phase 
. . . K= _ 

Page 563, line 2 under Fig. 11: for 450” read 540” 
Page 563, line 3 under Fig. 11: for 140” read 150” 
Page 581, line 4 under Apparatus: for precede read preceed 
Page 595, line 17: this should read Weisse,2” . . . . . . 
Page 599, reference 18: this should read F. Haber u. Z. Kiemensiewicz, . . . . . . 
Page 599, reference 23: this should read F. Crotogino, . . . . 

9 xi 



xii Erratum 

Page 618, Table I: for mv in heading to column 3 read mV 
Page 623, Table II: 
read l-065 

for 0.065 absorbance in bromine water (1.0 ppm of cyanide, 30 min after mixing) 

Page 625, Fig. 2: for (c) both in the figure and caption read (d) 
Page 740, line 16 from bottom: for nagutively read negatively 
Page 760, reference 5: this should read . . . .ibid., 1964, 11,667. 
Page 801, line 14: for iridium’IIIB read iridiumIll 
Page 801, line 15: for iridium”1V’ read iridiumlv 
Page 807, line under Table VI: this should read . . . . . then cooled and weighed. At most 
Page 837, reference 29: this should read . . . . . Talanta, 1964, II, 703. 
Page 842, Table I: the second and third entries in column (1) of the Ri values should read 0-13d and 
O*OSd 
Page 871, Fig. 1: the second line of the caption should read , . . . . . Duyckaerts, Dr.?ze and Sirno@: 
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PUBLISHER’S ANNOUNCEMENT 
REPRINTS OF REVIEW PAPERS 

Reprints of the following reviews published in Talanta are available from Journals Department, 
Pergamon Press Ltd., Headington Hill Hall, Oxford, England, at 7s. or $1 per copy, on a cash 
with order basis only: 

“Precipitation of Metal Chelates from Homogeneous Solution” by F. H. Firsching. 

“Recent Developments in the Ring oven Technique” by H. Weisz. 

. . . 
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XI” NOIICC\ 

Monda y-Theo sday I2- 15 Ocroher I964 19th Annual International Instrument-AutomatIon and 
Exhibit of Instrument Society of America: New York City 

Papers are now mvlted for the above meetmg lndlvlduals dctlve In ,111 major dre.is of mstru- 
mentatlon. mcludmg measurement, mformatlon processmg and automatic conrrol, should Fubmlt 
dbstracts to H TYLEI~ MARCY, Vice President-Development, General Products Dtvlslon, lnternat~onal 
Business Machmes Corporation, White Phms. Nev, York. U S 4 (de.ldlme 11 March) The 
theme of the mee.tmg IS World Frontiers in Instrumentation. 

The American Society for Testing and Materials has ,mnounced the nvallabdrty of the 37-volume 
I964 Book of ASTM Standards This reflects the entlre span of today’s knowledge of materials and 
matertals testing Each volume covers a specific field of Interest and mcludes a detalled Index, table 
of contents and numeric list of standards. Begmnmg with the 1964 edmon. the book WIN be brought 
up lo date and pubhshed annually with the various par’s avatlable on the same scheduled date each 
)edr There will no longer be supplements 

PAPERS RECEIVED 
Chelating radiometric titrations by ion exchange for determination of traces of metals: JIRI STAR\ 

JAROM~R R~~ICKA and AWLF ZEMAN (29 JI$J 1963). 

Chromatography of #-substituted-phydroxyazobenzenes on alumina-impregnated papers: R J T 
GRAHAM and C W STONE (9 November 1963) 

4,5-Diamino+thiopyrimidine as a reagent for the spectrophotometric determination of selenium: 
FRANK L. CHAN (2 December 1963) 

Rapid determination of boron in iron and steel by pyrohydrolysis and constant-current coulometry: 
TAKAYOSHI YOGHIMORI, TOMOO MIWA and TSUGIO TAKEUCHI. (2 December 1963) 

Contributions to the basic problems of c&plexometry-XIV: Determination of zirconium. thorium 
and titanium in the presence of each other: RUDOLF PRIBIL and VLADIMIR VESEL~. (2 December 
1963) 

New trace analysis using radioactive isotope: NOBUO SUZUKI (2 December 1963) 
A new oxidiietric reagent: Potassium dichromate in a strong phosphoric acid medium-Ill: Titrhnetric 

determination of cerhun: G C~OPALA RAO, P KANTA RAO and S BHANOJEE RAO (4 December 
1963) 

Precipitation of metal (I-hydroxyquinolates from homogeneous solution-VII: lndium and gallium- 
J P JONES. 0 E. HILEMAN, JR., A. TOWNSHEND and LOUIS GORDON (9 December 1963) 

Precipitation of iadium Il-hydroxyquinaldate from homogeneous solution: J PAUL JONES, ORVILLE E 
HILEMAN, JR, and Louis GORWN (9 December 1963) 

Use of “dead stop” indication of the end-point in chelometric titrations: F VYDRA and J VORLICXK. 
(IO December 1963). 
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ERRATA 

Volume 10 
Page 1088, Table I: For Compound XIII, under the heading Ar for 3-Me-4-OH-C6H3 read 3- 

MeO-4-OH-CBHs. 
Page 1088, Table 1: For compound XIII read XIV; for compound XIV read XV, for compound 

XV read XIII. 

Volume 11 
Page 2, line 7 : This should read Methods have previously been described . . . 
Page 5 : Insert after Zusammenfassung 

Rkrn&-L’utilite analytique particuliere de l’Arsenazo-III est due a sa capacite de former des 
complexes spkcialement stables avec certains elements. Ceci permet le dosage en milieu acide 
fort (HCI, 10 M ou SOIHJ des elements penta- ou quadrivalents: Pa, Nprv, Th, Zr, Hf, Utv; la 
reproductibilite est bonne, la manipulation facile et l’on ne note que de petites interference dues 
aux anions. La grande sensibilite (O,l-O,Ol ,ug/ml, coefficient d’absorption molaire 50-150 x lOa) 
est due au grand effet de contraste de la reaction (changement de coloration du rose au vert 
emeraude, dtplacement du maximum d’absorption de 125 mp), nature de spectre, et enfin pos- 
sibilite d’atteindre des dilutions extremes sans dissociation des complexes. 

Page 7, line 2 from bottom: For TR read rare earths. 
Page 16, line 2 above formula XIX: This should read In order to study the formation of complexes 

by arsetzazo III. . . . 
Page 18, line 4 of Synthesis: This should read excess of nitrous acid. . . 
Page 41: Insert after Zusammenfassung 

Rknm%--Les melanges form&s d’orthophosphate, de ses polymtres lineares supkrieurs jusqu’au 
tridecaphosphate compris et trois polymeres cycliques ont pu etre separes par chromatographie 
d’kchange ionique. L’un des polymeres cycliques (recontre dans les verres de polyphosphate . . . 
est probablement le pentam6taphosphate. Sa nature cyclique a ete demontrke par dosage des 
groupes terminaux et chromatographie sur papier, mais les tentatives de dtnombrement des atomes 
de phosphore du noyau ont echo&es a cause de la tres faible quantite de produit disponsible. 
l?vidence est presentee a l’appui de la supposition courante que les phosphates linearies superieurs 
sont Club suivant leur degre de polymerisation. 

Page 46: Insert after Zusammenfassung 
R&me-Une methode pour le dosage des trimetaphosphates en presence d’oligophosphates 
lintares superieurs au trim&e est developpee. 11 a tte demontre que l’ortho-, le pyre-, at le 
triphosphate ne sont pas completement prkcipites par l’ion baryum, tandis que les phosphates 
oligomeres lineares de type superieur sont precipites quantitativement. Ces derniers sont isoles 
des melanges de phosphates par chromatographie d’echange d’anions, melanges avec des quantites 
connues de phosphates cycliques, et prtkipites par l’ion baryum. Une erreur moyenne de + 0,8 
et un Ccart standard de k-t3 micromoles de phosphore de l’ion cyclique a dte mise en evidence dans 
les melanges contenant de 0 a 203 micromoles de phosphore sous forme de trimetaphosphate en 
presence de 0 a 81 micromoles de phosphore sous forme de polymeres lineares, 

Page 49, line 1: This should read using barium diphenylamine . . . 
Page 57, line 1: This should read between ammonium ion and chloramine-T. . . 
Page 57 : Insert after Zusammenfassung 

RBsumk-La chloramine-T oxyde quantitativement la thiouree en uree et l’ion sulfate en milieu 
neutre et en millieu basique. L’oxydation est totale en 2 minutes m&me en presence d’un leger 
exds d’oxydant. L’uree et l’ion ammonium ne sont pas g&ants si l’oxydation est effectuke en 
milieu alcalin. 

Page 105, line 18 of Summary: This should read Cerfak [sodium naphthalene . . . . 
Page 105, line 6 from bottom of page: This should read [sodium nuphthalene . . . . 
Page 271, line 4 of Summary: This should read 

by the equations log k = -11.372 + 0.0128t and y = 45.5 - 0.182t. 

Page 288, line 1: This should read x = CX,/n. 
Page 288, line 2: This should read standard error qf Yi = log Kmi . . . . 
Page 290, Fig. 4: This should read (B - KD in D*O. 
Page 292, line 4: This should read than for D,O. 



Page 292, line 10: This should read thanfor HZO:3. 
Page 292, line 23 : For l~~rafi~n read ii~rufio~. 
Page 292, line 25 : For liberat~onal read librational. 
Page 295, line 1 of Summarv: This should read ~uilibrium constants of the nrinciual reactions . . . . 
Page 295, penultimate line of Summary : this should read A variation ;f ca. b.2 pk unit . . . 
Page 295, line 3 of Reaeents: This should read uhotometricailv at 520 mu. was. . 
Paie 297; line 5 : This chould read cyanide-amm’onium sulphit; mixture . : : 
Page 299, line under equation (1): This should read Pb2+ and Pb(IIDz), . . . 
Page 299, equation (4~): This should read 

k 

s 
=L [HPb02-lW+)” 

IPbe+l 
Page 300, line 2: This should read 

Cfpb] = [Pb’+] + fPbOH*] f . , . [PbHDz+] + . . . ]PbX+] -+- . . , 

Page 302, line 11: For PbIIDz- read PbHDzf. 
Page 302, line f6: For nifrafe read citrate. 
Page 304, line 3 under Fig. 4: For PbHDz- read PbIIDz+. 
Page 305, line 4: This should read 

[Pb8+][HDz-1% = 3 x 10-4 x 7 x lo-f* = 2 x lo-** 

Page 306, line 4: For 0009M read 009M. 
Page 306, line 11: For electrode read glass electrode. 
Page 306, line 2 above Fig. 5: For Fig. 4 read Fig. 5, 
Page 311, Fig. 8 : This should read 

U-Reversion method: 10 ml of aqueous phase, . , . 

Page 312, equation in mid-page: This should read 

rPb(HDz)~l~ = 
(E[Pb] - C[S] i: ((C[Pb] - Z[S])2 + 4 x 56 x 10-a[H,Hz],2~1’2 

2 

Page 313, line 1: For Proctor read Procter. 
Page 313, reference 2: For 5’. ValIenga read S. VeIlenga. 
Page 340, Table III: The units in the headings to columns 6,7 and 8 should read Y and not D. 
Page 421, line 21: For molydbenum read moiybdenum. 
Page 438 : The equations should be numbered (I) and (2) and not (2) and (3). 
Page 438: In equation (2) [incorrectly numbered (3)] the term ZOH- is unnecessary. 
Page 474, line 18 from bottom: This should read (4-aminophenyl)morpholine and N-(l-aminophenyl)- 

piperazine. 
Page 474, line 12 from bottom: This should read . . . 

tested. 
and (vi) 2.0 /~g of CN-/ml of thefinal solution 

Page 474, line 10 from bottom: For 0.2 ml of saturated bromine water read 2-O ml of saturated 
bromine wuter. 

Page 474, line 9 from bottom: For 0.2 ml of arsenious acid read 2.0 mE of arsenious acid. 
Page 474, line 7 from bottom: This should read . . . and a 50-ml aliquot . . . . 
Page 475, line 9: This should read . . . for amines Nos. 1,5,6, 7 and 10 (Table III). 
Page 479, reference 15: This should read . , . 

Amines. . . . 
Carcinogenic and Chronic Toxic IIazards of Aromatic 

Page 499, line 17: This should read . . . by a 130-mrfructjon . . . . 
Page 534, line 12 from bottom: This should read 

bolution I 

Page 553, caution to Fin. 4: For 390” read 340”. 
Page 563, line 2 under Pig. 11: For 4.50” read 540”. 
Page 563. line 3 under Fie. 1 1: For 140” read 150°. 
Paji[e 581; line 4 under Afparatus : For precede read preceed. 
Page 595, line 17: this should read Weisse,2B . . . . 
Page 599, reference 18: This should read F. Haber u. 2. Hemensiewicz, . . . _ 
Page 599, reference 23: This should read F. Crotogino, . . . . 
Page 618, Table I: 
Page 623, Table II: 

For mv in heading to column 3 read m V. 

read 1.065. 
For 0.065 absorbance in bromine water (1 .O ppm of cyanide, 30 min after mixing) 



Page 625, Fig. 2: For (c) both in the figure and caption read Cd). 
Page 740, line 16 from bottom: For ~gutiu~ly read negatively. 
Page 760, reference 5: This should read . , . ibid, 1964, If, 667. 
Page 801 f tine 14 : For iri~~~~~ read ~F~~~~~~‘~- 
Page 801, Iine 15 : For ~r~~~~~~IK read ~~~~~~~~ 
Page 807, tine under Table VI: This should read . . . tftes coded and we$zed. At mast . . . 
Page 837, reference 29: This should read . _ I TaIanta, 1964, Ii, $03, 
Page 842, Table I: The second and third entries in column (1) of the R, values should read 0.13d and 

0.086. 
Page 871, Fig, 1: The second line of the caption should read . , . Duyckaerts, D&e and Simon,l~ 
Page 887, line 30 of main text: This should read . I . Tiron forms with iron . . . 
Page 891 t The first author of the paper should read Pdtutaziz. 
Page 905, line 3 of R&sum&: For sod&e read &aqe. 
Page 905, line 3 of R&m& For ~~I~~~-~~~~~~~~~ read ~~~~rn~~~~q~~rn~~~~ 
Page 905, last line of R&urn&: For direct read dirertc. 
Page 908, Table I : The R, value for Th should read In Front 2 (R, vak in refution tTo Pront f is 09). 
Page 908, Table I: The R, value for U should read In Front 2 (R, value in ~eIat~o~ to Front I is @9). 
Page 927, equation above Fig 13 : For N~~N~~ read N&YOs. 
Page 948, line 13: For E&l read Eric. 
Page 953, line 4 of Rksume: For e@cf read c$k 
Page 964, line 12 of R&urn& For 24 kzti mok read 24 h au moks. 
Page 972, line 3 of Resum6: For uagurs read vcrgues. 
Page 973, last Ike: For ternary read binary. 
Page 973, last line: For is read arc. 
Page 975, line 3 of Resume: For &lie read cell, 
Page 975, line 7 of R&sum6 : For peurvent read peuvent, 
Page 975, line 8 of R&sum&: For ses read ces. 
Page 982, line 4 of Summary: This should read Z.rpr~~~ to redt fram . . . 
Page 982, line 1 of R&me: For r&pzrse read rt;ponS. 
Page 997, line 13 from bottom of page: This should read ~~~~~~~~, a e~~~~~~e#~~c t~f~~t~~~ . . + . 
Page 998, Fig. 5: This should read 

Curve I -~--- 10.8 mg of boron, 216 mA; 
CurveII------- 1.08 mg of boron, 19 mk; 
Curve III - . ^- * - 030 mg of boron, 19 mA; 
C~eIV--+-~._ 0.10 mg of boron, 4-5 mA. 

Page 998, Fig. 6: This should read 
Curve I --~- lO+ mg of boron, 216 mA; 
CurveII------- l.O8m~ofbo~n,l9mA, 

Page 999, Fig. 7 : This should read 
Curve I -I__--- 1038 mg of boron, 216 mA; 
CurveII------- l-08 mg of boron, 19 mA; 
Curve HI - . - + - 030 mg of boron, 19 mA. 

Page 999, iine 5 under Table If: This should read _ . . 0-1 mg o~~~~#~. 
Page 1026, caption to Table III: This should read E&et qf d&.wse i6ms OR the ~ete~rn~n~t~~~ of 

se~e~~~rn~ (29 ml Df jkai ~~~~~~0~ marains 30 pg sf ~~~~~~~~=~~. 
Page 1036, footnote to Tabfe II: For MO&S read MOWS. 
Page 1036, footnote to Table II : For poc~ss~um read potassium. 
Page 1060, reference 74 : The author should read J. E. krney, II. 
Page 1064, line above Conclusion : This should read I . . e~arge:metu~ ion r~~i~.~ 
Page 1098 : The structural formula for compound XII should be 

~~torn~t~~ rn~~s~r~~~ device. Tire r~uirem~~t of a geeneraror . . . 
Page 1177: This paper should read Ei~geg~g~~ nm 15. Februm 1964. 
Page 1200, Table III : The heading to the fifth column should read Forced, @05M, ml. 
Page 1203: This paper should read Received IO Fehary 1964. 



Page 1239: This paper should read Received 18 March 1964. 
Page 1249: This paper should read Received 9 April 1964. 
Page 1275: This letter shouid be dated 26 Murch 1964. 
Page 1284, Fig. 5 : This should read y. = O-06, etc. 
Page 1307, fine 2: For though read ~~ru~g~. 
Page 1311, reference 46: This should read . . .1963, Z&18. 
Page 1313, line 4 of Experimental: This should read . . . l,Z-diaminocyciohexanetetra-acetic. 
Page 1314, line 2 of Apparatus: This should read . . .photoelectric attachment . . . 
Page 1314, line 4: For UOaa- read UOz2+. 
Page 1314, line 8 under Results and Discussion: This should read. . . amolar ratio of I: I, V: (X0), . . . 
Page 1317, Table I: Tn the first column read U022+ for UOzz-.. 
Page 1325, second footnote to page: Delete Preparation: 
Page 1329: For Tab/e f read Table 1. 
Page 1350, line 14 of Results and Discussion: This should read . , . measured in l-ml cells . . . 
Page 1355, reference 5: The journal should read simply Japan Analyst. 
Page 1366, Iine 3 above Procedure: This should read (I ml = I00 ~8 of cadmium). 
Page 1367, line 7 from bottom of page: This should read . . . chromilrm( VI), remaining after volatili- 

sation, to ~hrorni~~~~l~ . + . . 
Page 1377, line 2 under Cakulations: For MEV read MeV. 
Page 1406, Table I: The headings for columns two, three and four should read 

Cu*+ taken, HEDTA taken, Resin, 
mmole/lOO ml mmole/lOO ml g 

Page 1498, line 2 under the heading Precipitation of Titanium from Homogeneous Solution: This should 
read . . . peroxytitanate. Add potassium . . . . 

Page 1550, line 10 from bottom of page: For silver-Ill read silver-111. 
Page 1607, line 8 : This should read hydriodic acid and stannic tetra-iodide . . . . 
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