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RAy F. WiLsoN and PHILIP MERCHANT, JR.
Department of Chemistry, Texas Southern University, Houston 4, Texas, U.S.A.
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Summary—A thermogravimetric pyrolysis study of the interaction
products of certain organic amines and tetramethylammonium
chloride with di(l,2,3-benzotriazolatium)hexacyano-osmate(1V) is
reported.

THIS paper results from a thermogravimetric study of certain amine derivatives
obtained in the interactions of di(1,2,3-benzotriazolatium)hexacyano-osmate(IV) with
several organic amines and with tetramethylammonium chloride previously reported.!
In a prior paper, the thermogravimetric pyrolysis of the interaction products
of dihydrogen-di(1,2,3-benzotriazolatium)hexacyanoferrate(Il) with certain organic
amines had been reported.? Thermogravimetric analysis of the amine derivatives gave
support to the proposed formulae of the products formed in the interaction of tetra-
methylammonium chloride and certain organic amines with di(1,2,3-benzotriazola-
tium)hexacyano-osmate(IV).

EXPERIMENTAL
Apparatus

The thermobalance used in this study was assembled as described by Wendlandt.® Temperature
measurements of the combustion chamber were obtained by using an iron-constantan thermocouple
with an ice bath as a reference junction. A pontentiometer was employed tc measure the voltage
of the thermocouple. A synchronous motor driven powerstat was used to vary the voltage.

Procedures

The compounds were prepared according to the procedure of Wilson and Merchant! and dried for
8 hr in a vacuum desiccator using magnesium perchlorate as the desiccant. They were decomposed
by placing 17-27 mg of each of the dried compounds in a platinum boat and suspending the boat in
the combustion chamber. The output of the motor driven powerstat connected directly to the heating
elements of the combustion chamber was set initially at 20 V and the input voltage of this powerstat
was adjusted to 120 V by means of a second powerstat. The temperature of the combustion chamber
was increased at an average of 3°/min. Readings on the balance and on the potentiometer were taken
at short intervals until compounds had completely decomposed.

RESULTS
Pyrolysis curves of the compounds with the respective formulae:
[(CHy),NYCH,N;NH,)Os(CN),, (CsH;NH,;),(CeH,NH,),0s(CN);,
[(CHj),NH,].[(CHy),NH],Os(CN)s, (m-CgH,NHNH,),05(CN)g,
(p-CsH,NH3NH,),0s(CN),, (CH;NH;),(CH;NH,),Os(CN),,
[CH(CHCH),NH],0s(CN), and  [(C.H;),NH,],[(C,H;),NH],Os(CN),
are presented graphically in Figs. 1-3 and the analysis of the curves is givenin Table I.
1
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FiG. 3.—Thermogravimetric analysis of compounds 7-8:—
() [CH(CHCH),NH],05(CN)¢: —O—;
®) [(C!Hs)aNHn]a[(caﬂs)zNH]aos(CN)a3 ——.
TABLE I
C, Cs C,
Weight
corrected
Compounds Initial for  Temp Weight, mg Temp Weight, m¢g Temp
weight, moisture, range, ————— range, —— range,
mg mg °C Calc. Meas. °C  Cale. Meas. °C

1. [(CH,)NKC,H,N,NH,)- 19.8 19.7 <120
Os(CN),

2. (CeHgNH,)o(CeHNH,),- 23.4 234 <160 14.1 13.2 290-405
Os(CN),

3. [(CH,)sNH,1,[(CH,).- 26.3 261 <110

NH],0s(CN),

4. (m-C.H,NH,NH,),- 180 175 < 42

0s(CN),

5. (p-CH NH NH,),- 260 260 <120

Os(CN),

6. (CH,NH),(CH,NH,),- 1838 185 <110 144 142 480-524

Os(CN),

7. [CH(CHCH),NH],- 28 223 <84

Os(CN),

8. [(C3H{);NH,le- 20.3 199 < 88 177 17.6 250-320 153 152 340-420

[(C:H;)sNH];0s(CN),
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The weights at plateaus C, and C; were calculated for the compounds on the basis
of the following reactions:
Compound 1

Ci: [(CH)NI(CeHN;NH,)Os(CN), + 20, (120-452)°

(CH;)iNCN4 + HCN4 + C(H,N;NH4 + 2(CN);} + OsO,4

Compound 2

C,: (CeHsNHy)o(CH;NH,),0s(CN), M;

H(C,H;NH;)Os(Cn); + 3C,H;NH,*
Ca: H(C.H,NH,)Os(CN), + 20, (495-478)°_ 2HCN} + 2(CN)y} + CeHyNH,} + 0sO 4

Compound 3
C1: [(CH,)eNH, 1.[(CHg),NH],0s(CN), + 20, (110=757)°

4(CH,);NH,4 + 2HCN4 + 2(CN);4 + OsO.4
Compound 4
C,: (m-CgHNNH;NH;),0s(CN)g + 20, (42-560)°
2(m-C¢qH,NH,NH;)% + 2HCN% -+ 2(CN)y4 -+ OsO,4

Compound 5
C, (p-CeHNH;NH,),O0s(CN), + 20, M’)

2(p-CeH,NH,NH,)4 + 2HCN4 - 2(CN)y+ + O0sO,4
Compound 6
C,: (CH NH;),(CH;NH,),0s(CN), (110 480" H(CH,;NH,)Os(CN), -+ 3CH,NH,4}
C,;: H(CH4NH,)Os(CN)y + 20, (5'24——67))“> CH,NH,4 + 2HCN% + 2(CN);4 + OsO4
Compound 7
C,: [CH(CHCH):NH],0s(CN); + 20, (84—-630)"
2[CH(CHCH);N]4 + 0504 + 2HCN+4 + 2(CN),4

Compound 8
Cy: [(C:H;).NH,],[(C,H;),NH],0s(CN), M;

[(C:Hs)NH,]:[(C:H;):NHIOs(CN)s + (C.H),NH4
C.: [(CsHj)NH,]5[(C,H;);NH]Os(CN), @ﬂ;
[(C:H;)eNH,],05(CN); + (C,H;),NH4
Cs: [(C,H;):NH,];0s(CN), + 20, w>
2(C.H;);NH%1 -+ 2HCN#4 + 2(CN);4 + O0sO44

Isolation of pyrolytic products

The thermogravimetric data presented above suggested that certain stable de-
composition products were liberated over carefully selected temperature ranges. In
the thermogravimetric pyrolysis of the eight amine derivative compounds which were
carried out in the open atmosphere, solid pyrolytic products could not be obtained
because the intermediate residues at any plateau, on cooling apparently absorbed
moisture which brought about complete decomposition of the residues. As further
indication of the intermediate product residues and verification of the volatile organic
products given off, 1-g samples of the respective amine derivatives were decomposed
in a special decomposition apparatus previously described by Wilson and James.4
Each of the compounds was heated separately in the decomposition apparatus until
the compounds had completely decomposed. The temperature of the coolant (carbon
dioxide) was sufficient to condense CgH,NHN, from the tetramethylammonium
chloride derivative, and to condense p-C;H ,NH,NH, and m-C;H,NH,NH, from their
respective amine derivatives. The hydrochloride of aniline was obtained by dissolving
the vapours resulting from the decomposition of the aniline derivative in water and
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bubbling dry hydrogen chloride into the solution. The vapours resulting from the
decomposition of the pyridine, dimethylamine, diethylamine and methylamine
derivatives were separately dissolved in carbon tetrachloride. Infrared data for the
above mentioned intermediate and pure samples are presented in Table II. To verify

TaBLE II.—Infrared Maxima

CeH,NHN, p-CeH ,NH;NH, m-CgH NH,;NH, C¢H;NH HCl
Wave Wave Wave Wave
number, number, number, number,
em™'  Pure Isolated cm' Pure Isolated c¢m™ Pure Isolated cm™  Pure Isolated
1660 S S 1340 S S 1400 S S
1460 M M 1540 S S 1220 S S 1340 M M
1410 M M 1420 M S 1180 S S 1300 M M
1310 M M 1260 S S 1060 S S 1280 M M
1280 M M 1120 M M 995 M M 1200 S S
1200 S S 1060 M M 950 M M 1180 M M
1140 M M 1130 S S
1080 M M 1100 S S
1010 S S 1060 M M
980 S S 1000 M M
780 S S %0 M M
750 S S
685 S S
Pyridine Diethylamine Dimethylamine Methylamine
Wave Wave Wave Wave
number, number, number, number,
cm™'  Pure Isolated c¢m' Pure Isolated c¢m™ Pure Isolated cm* Pure Isolated
3500 S S 4500 M M 3500 S S 3500 S S
1990 M M 3500 S S 3000 S S 3000 S S
1600 S S 2900 S S 1600 M M 2300 M M
1280 M M 100 M S 1460 M M 1510 S M
1220 S M 7% M M 1250 M M 1250 M M
1180 M M 1020 M M 1000 M M
1140 S S
1070 S S
1030 S S
1000 S M

S = strong intensity; M = medium intensity.

the presence of hydrogen cyanide and/or cyanogen, 1-g samples of the respective
amine derivatives were decomposed and the vapours were dissolved in aqueous
solutions of silver nitrate. In each case a white precipitate of silver cyanide formed.
The presence of osmium in the eight compounds previously studied was verified in
each case by collecting the osmium tetroxide vapours, resulting from pyrolysis,
in aqueous potassium thiocyanate solutions which contained acetic acid. These
solutions each gave a yellowish-orange colour which is characteristic of the osmium
thiocyanate complex.?
DISCUSSION

In this study the thermobalance was employed to follow the pyrolysis re-
actions taking place in certain complex products obtained in the interaction of
several organic amines and tetramethylammonium chloride with di-(1,2,3-benzo-
triazolatium)hexacyano-osmate(IV). Decomposition of the amine derivatives gave
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hydrogen cyanide and/or cyanogen, osmium tetroxide, the respective amines and in
one case 1,2,3-benzotriazole and tetramethylammonium cyanide.

Acknowledgement—The authors wish to express their sincere thanks to the Robert A. Weich
Foundation for a grant, which supported this study.

Zusammenfassung—Es wird iiber die thermogravimetrische Pyrolyse
der Reaktionsprodukte einiger organischer Amine und Tetramethyl-
ammoniumchlorid mit Di-(1,2,3-benztriazolatium)hexacyanoosmat(IV)
berichtet.

Résumé—On décrit, dans cette étude, la pyrolyse thermogravimétrique
des produits d’interaction de certaines amines organiques et du
chlorure de tétraméthylammonium avec I’hexacyanocosmate(IV) de
di(1,2,3-benzotriazolatium).
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DETERMINATION OF COMBINED CARBON IN
ALUMINIUM NITRIDE

V. T. ATHAVALE, S. P. AwastHr and M. SUNDARESAN
Analytical Division, Atomic Energy Establishment Trombay,
Bombay, India

(Received 16 May 1964. Accepted 17 August 1964)

Summary—A conductimetric method for determination of combined
carbon in aluminium nitride, based on the catalytic oxidation of
methane formed by acid hydrolysis of carbide, is described. A series
of combined carbon determinations in prepared standards at various
levels in the range of 30-240 ug has been performed. The precision
of the determination increases progressively through this range, the
coefficient of variation being 13-6 9 and 2:09; at the 30- and 240-ug
levels respectively. The over-all spread for the whole range has been
evaluated at +4 ug.

INTRODUCTION

AN estimate of the combined carbon content of pure aluminium nitride, used for the
production of 14C through the nuclear reaction #N(n, p)!*C, is essential in order to
ascertain the specific activity of the 4C obtained. Because the matrix material here,
on combustion, would give large amounts of oxides of nitrogen the usual methods'—®
for the determination of carbon need modification. Carbide-carbon has been
determined in beryllium metal by decomposition with acid, subsequent oxidation of
the hydrocarbons produced to carbon dioxide, and measurement of the amount of
carbon dioxide gravimetrically! or gasometrically.*

The present method describes the determination of combined carbon in alumin-
ium nitride samples. The sample is decomposed with 609, sulphuric acid, whereby
nitrogen is fixed as ammonium sulphate, and the carbide is hydrolysed to form
methane, which, when swept over copper oxide at 900°, is converted to carbon
dioxide. In the present case a conductimetric method was employed for the deter-
mination of carbon dioxide, by measuring the change in conductivity of a baryta
solution before and after absorption of the carbon dioxide in it.

EXPERIMENTAL
Apparatus

The apparatus essentially consists of three parts: (1) the oxygen purification section, (2) the
acid hydrolysis and oxidation section, and (3) the measuring section. A schematic diagram is given
in Fig. 1. Because tank oxygen contains large amounts of hydrocarbon impurities, it was purified
by passing over heated copper oxide at 900°, then over soda lime and dehydrated silica gel. A
manometer controls the rate of flow of oxygen gas. The acid treatment part consists of a flask
fitted with a dropping funnel with an inlet for oxygen and an outlet for the mixture of gases. A soda
lime tube, which immediately follows, removes traces of sulphuric acid carried over by the gas mix-
ture, which then passes through a quartz tube packed with copper oxide catalyst and heated to
900°. A silver vanadate trap removes traces of oxides of sulphur. A conductivity measurements
were carried out in the manner described in an earlier communication.?

Reagents

Calcium carbonate standard: Pure calcium carbonate was mixed thoroughly with previously
ignited 20- to 60-mesh quartz powder in an agate mortar to give a standard of 100 mg = 151 ug of
carbon.

7
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Aluminium carbide: Aluminium carbide® was prepared by heating pure aluminium metal powder
at 800° in an atmosphere of carbon dioxide. This was cooled, ground in an agate mortar and allowed
to pass through a 60-mesh sieve. The amount of combined carbon in this prepared carbide sample
was determined by the procedure described later. For preparing standards in lower ranges of carbon,
appropriate weights of this sample were diluted with finely powdered aluminium nitride and pre-
served in a desiccator. It has been assumed that all carbon from the carbide is converted to volatile
hydrocarbon.

Barium hydroxide solution: An approx. 0-1% (w/v) solution of barium hydroxide was prepared
from analytical grade Ba(OH),.2 H;O, as described under reference 3.

tx \]

Fi1G. 1.—Determination of combined carbon in aluminium nitride:

A Oxygen cylinder F Two 2-litre flasks L Absorption tube

B Furnace G Acid funnel M Thermostat

C Soda lime tube H Reaction tube N Soda lime guard tubes
D Silica gel tube J Copper oxide tube S Stopcocks

E Manometer K Silver vanadate tube T Beckmann thermometer

Standardisation of apparatus

Standardisation of the apparatus was done with calcium carbonate standards. For this purpose
the copper oxide catalyst tube was replaced by a quartz combustion tube. A change in conductivity
of 150 umho corresponded to 300 ug of carbon.

Procedure

An appropriate weight of aluminium nitride was added to the reaction flask. The flask was
fitted with an acid dropping funnel containing 60 %; sulphuric acid, and the flow of purified oxygen
started at the rate of 25 ml/min. The inner and outer chambers of the absorption cell were rinsed
and then filled up to the mark with baryta solution. After the solution had attained the temperature
of the thermostat, its initial resistance was measured. The apparatus was completely flushed out
with oxygen. Twenty-five mi of 609; sulphuric acid were added to the reaction flask and heated
slowly nearly to boiling. Oxygen was passed for 30 min to sweep the gases through the heated copper
oxide tube and absorption cell. The final resistance of the solution was measured. The repetition
of the above experiment without the sample gave the blank value of the experiment, which was
26 ug, averaged over a number of such blank determinations. With a view to studying the time
required for the complete absorption of carbon dioxide, oxygen was passed for 20, 30, 40 and 60
min, It was found that 30 min was sufficient to sweep all carbon dioxide from the apparatus
through the absorption cell; hence this flow time at the rate of 25 ml/min was used for all sub-
sequent experiments.

RESULTS AND DISCUSSION
The sample of aluminium carbide prepared was analysed for its combined carbon
content and gave a value of 29-1 ug/mg. This was used in appropriate dilutions
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with a sample of aluminium nitride (C < 10 ppm) to give standards in the lower
ranges, of 2 ug/mg and 4 ug/mg respectively. Appropriate weights of these diluted
standards were taken and analysed for their combined carbon contents at the levels
of 30, 50, 80, 160 and 240 ug. The results have been evaluated statistically and are
tabulated in Table I along with the standard deviation at each of these levels. The

TABLE I.—STATISTICAL ANALYSIS OF RESULTS ON STANDARDS

Amount of
combined Change in Mean
No. carbon taken, conductivity, value, Standard  Coefficient
ug umho umho  deviation  of variation
1 30 121, 12-5, 11-1, 13-2 1-8 136
162, 13-0, 143
2 50 26:6, 24-5, 22-0, 24-0 19 7-9
22-7, 25-8, 223
3 80 380, 429, 400, 385 28 73
34-3, 358, 405,
39-6, 369
4 160 769, 81-1, 778, 80-0 2:5 31
789, 81-0, 80-0,
84-3
5 240 116-1, 123-1, 120-8, 120-0 24 20

121-0, 120-0, 1182

over-all spread, calculated by the least-square method for the whole range, was
found to be 4-4 ug. It is obvious from Fig. 2 that the experimental values are in
good agreement with the standard values obtained by calcium carbonate-quartz
standards.

One aluminium nitride sample was analysed several times by taking about 1 g
as sample weight. This yielded a mean value of 55.5 ppm of combined carbon
(Table IT). To approximately 1 g of this sample standard additions were made from

120[‘

CONDUCTIVITY umhos —
-] o
o o

w
o
——

) 50 100 150 200 2&0
AMOUNT OF CARBON (ug)—
—o— THEORETICAL LINE (CCCO:"OUARTZ STANDARD)

—=— EXPERIMENTAL LINE (SYNTHETIC ALUMINIUM CARBIDE
ALUMINIUM NITRIOE STANDARDS.)

FiG. 2.—Comparison of standard and experimental values.
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TABLE II.—ANALYSIS OF AN ALUMINIUM NITRIDE SAMPLE
(sample weight ~ 1 g)

Combined carbon
obtained, Mean, Standard Coefficient
ppm ppm deviation of variation

56-0, 49-3, 58-7,
522, 60-7, 55-8 553 37 67

TABLE III.—ANALYSIS OF ALUMINIUM NITRIDE® WITH ADDED
COMBINED CARBON
(sample weight ~ 1 g)

Carbon, ug
No.
In aluminium
nitride In additive Total Found Deviation
1 55-8 316 874 963 +89
2 54-0 461 100-1 105-2 451
3 551 97-8 1529 1478 —51
4 553 1450 200-3 1925 —78
5 551 1979 253-0 2530 0
6 55:1 249-8 3049 3112 +63

s Combined carbon content, 55-5 ppm (Table II).

30 to 250 ug of combined carbon to yield 85-300 ppm of combined carbon in the
aluminium nitride, and these were analysed. The results are tabulated in Table ITI
and show good agreement between the expected and experimental values.

Zusammenfassung—FEine konduktometrische Methode zur Bestimmung
von gebundenem Kohlenstoff in Aluminiumnitrid wird beschrieben,
die auf der katalytischen Oxydation des durch saure Hydrolyse von
Carbid gebildeten Methans beruht. Eine Reihe von Bestimmungen
gebundenen Kohlenstoffs wurde an Standardmischungen ausgefiihrt,
die verschiedene Mengen, von 30-240 ug, enthielten, Die Genauigkeit
der Bestimmung steigt in diesem Bereich steigt an, der Variations-
koeffizient betrigt 13,6% bzw. 2,0% bei 30 ug bzw. 240 ug. Die
Streuung im gesamten Bereich ist +4 ug.

Résumé—On décrit une méthode conductimétrique d’évaluation du
carbone combiné dans le nitrure d’aluminium, basée sur I'oxydation
catalytique du méthane formé par hydrolyse acide du carbure. On a
effectué une série de dosages du carbone combiné dans des €talons
préparés, a diverses teneurs comprises entre 30 et 240 ug. La précision
du dosage croit progressivement dans ce domaine, le coefficient de
variation étant 13,6% et 2,09, 4 30 et 240 ug respectivement. La
dispersion globale dans I'ensemble de ce domaine a €té évaluée a

+4 pg.
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SOLID-STATE REACTIONS IN ANALYTICAL CHEMISTRY

P. I. VOSKRESENSKII*
Moscow Institute of Steel and Alloys, 6 Lenin Prospect, Moscow V-49, U.S.S.R.

(Received 22 June 1964. Accepted 22 September 1964)

Summary—An account is presented of the nature of analytical reac-
tions between solids; the history of their origin and the rules estab-
lished for them are summarised.  Examples are given of the detection
of certain elements. The technique for carrying out the reactions is
described and the possibilities are indicated of using solid-state
analytical reactions not only for qualitative analysis but also for
quantitative analysis.

IN the years after World War 11 a new section of analytical chemistry began to be
developed in the U.S.S.R., namely, solid-state analytical reactions. This section may
be considered essentially as a branch of microchemical analysis, because the amounts
of both the substance taken for investigation and the reagents used are within the
limits usually associated with microchemistry. These reactions may also be considered
as a special section of solid-state chemistry and surface chemistry.

The first analytical reactions between solids were suggested by Flavitskii, a
professor at Kazan University, at the end of the last century.! After his death,
however, the subject was not pursued until about 1947 when, almost simultaneously,
several people in the U.S.S.R. began to concern themselves with solid-state analytical
reactions. The first publication on the subject in the new era was made by Isakov.?
This section of analytical chemistry was not revived by chance but because of the
planned development of science under the conditions of a socialist state and the
requirements of industry, chiefly geological services.

There are now many published papers and books?® on solid-state reactions. An
examination of this literature leads to the conclusion that the surfaces of solids,
especially minerals, are not particularly stable and the ions present in a crystal
lattice are not localised. The electrical conductivity of surface layers shows that the
transport of ions is not only characteristic of solutions but that it is inherent in the
nature of a solid. On such a basis it is possible to explain the chemical activity of
the surface of a solid and its ability to take part in chemical reactions. Of course, the
crystal structure of the reacting substances is of great importance, because both
the nature of the reaction and its rate depend on the position in the crystal lattice
occupied by the ion which is to react with the reagent being used. If the ion in which
one is interested occurs at the periphery, loose packing and voids and, consequently,
increased chemical activity are possible. These concepts may also be taken as a basis
for solid-state analytical reactions. So far no attention has been paid in analytical
chemistry to this aspect of the subject.

Solid-state analytical reactions acquired special importance in the investigation
of minerals where it frequently becomes necessary to establish the presence of one
element or another, only qualitatively at first, although under field conditions the
qualitative testing of minerals is of particular importance.

* Present address: Moscow V-49, Dimitrov Street, D. 30, KV 13, U.S.S.R.
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It is now considered as firmly established that all reactions which take place in
solutions are also observed in the reactions between the solids, particularly on
trituration where there is close contact between the reacting substances. Furthermore,
it is established that many reactions between solids take place not only after crushing
and triturating them but also on simply contacting the reacting substances, particu-
larly a mineral and a solid reagent. Such reactions are called contact reactions.
When using these reactions the presence of the element of interest to the investigator
is sometimes revealed by such a simple procedure. For example, on contacting
sodium metavanadate crystals with crystalline potassium bisulphate or any solid
organic acid, a reddish-orange colour which is characteristic of vanadium pentoxide
appears at the contact boundary. Also, if crystals of potassium or ammonium
thiocyanate are brought into contact with potassium bisulphate a reddish coloration
immediately appears at the contact boundary and a pungent odour (mainly sulphur
dioxide) is detected.

Certain conditions must be observed when carrying out solid-state analytical
reactions. The degree of grinding is important in reactions between crushed materials,
the rate of reaction increasing with an increase in the extent of grinding.

Gas and vapour phases as well as water, particularly water of crystallisation,
affect the course of solid-state analytical reactions very greatly and, of course, it is
impossible to avoid the effects of these factors under the usual conditions of carrying
out the reactions. Water vapour is always present in the atmosphere and it has
either a positive or negative effect on the course of the reaction, either accelerating or
retarding it or even making it impossible.

When carrying out solid-state analytical reactions one is sometimes obliged to
resort to moistening the reactions at the instant they react, for which it is sufficient
simply to breathe on the mass or add a small drop of distilled or demineralised water.

Heat is sometimes necessary to induce individual reactions but rarely up to a
comparatively high temperature.

As in the reactions of substances in solution, the presence of a proton (or hydro-
nium) or the hydroxyl ion is of importance when carrying out solid-state analytical
reactions. This is achieved by adding to the reaction mass solid organic acids or such
acid salts as sodium or potassium bisulphate, or even solid potassium or sodium
hydroxide, depending on the reaction. Instead of aqueous ammonia, ammonium
carbonate is used. However, this factor, viz., the creation of an acid or alkaline
medium, is less important when carrying out analytical reactions between solids than
for reactions in solution. This is particularly notable when carrying out analytical
reactions in which organic reagents take part, e.g., using Arsenazo I for aluminium.
Any aluminium salt may be triturated with Arsenazo I and the reaction takes place
readily. As is well-known, however, it is necessary to establish a definite pH when
carrying out this reaction in solution.

As yet only those reactions which lead to the formation of coloured reaction
products are suitable for solid-state analytical reactions, but it may soon be possible
to use reactions which lead to the formation of white products. In particular, this
may be achieved by applying luminescence methods of analysis using pocket
“luminescopes”.

A great advantage of solid-state analytical reactions is that it is possible to take
very small quantities of both the material to be tested and the reagents for an
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investigation. Even 1 mgis a large quantity. The reactions may be carried out using
a simple binocular magnifier, should this be necessary, or under a low-power micro-
scope, manipulations on the stage being made with quartz or glass needles.

The reactions being considered are essentially fractional, because when studying
minerals one usually has to carry out the reaction for the required ion in the presence
of many other ions. In this respect certain rules are of considerable importance.

Solid-state analytical reactions usually proceed in the direction involving the
formation of a compound with the highest stability constant, K; this is normaily
expressed as pK, the logarithm of either the solubility product or the stability
constant of complex ions.

If several ions capable of reacting with some reagent are present in a mixture, then
the first to react will be that ion which forms a compound having the highest pK with
the particular reagent.

The following characteristics of solid-state analytical reactions have also been
noted:

1. If several ions can react with a particular reagent, then the ions having the highest
valency react first.

2. If ions having the same valency are present, all of which react with a particular
reagent, then those having the higher atomic number or atomic weight react first.

3. The ability of minerals to react depends chiefly on their chemical structure, while
the kinetic behaviour (the rate of reaction) depends on their physical structure.

4. Crystal grains do not have the same chemical reactivity.

The sensitivity of solid-state analytical reactions is sufficiently high and in very
many cases is almost as good as the sensitivity of crystal deposition reactions observed
under the microscope, the sensitivity of the latter usually being expressed in micro-
grams. Geologists are more interested in the percentage content of an element in a
mineral or ore. For example, the presence of 0-001 %7 of boron in a sample may be
detected by the reaction with Beryllon 2.4 If ca. 1 mg of sample is taken for testing,
the sensitivity of this reaction for boron will be of the order of 102 ug.

When studying minerals and ores one sometimes has to take into account the
interference of certain ions which may be present in the test sample and to take
measures to remove this detrimental effect. This may be achieved:

1. By masking the interfering ions in stable complex compounds using appropriate
reagents;

2. By changing the valency of the interfering ions, i.e., using redox reactions;

3. By converting the interfering ions into readily volatile or sublimable compounds
and removing them from the sphere of the reaction;

4. By converting the interfering ions into compounds having a high pK.

This matter has been dealt with in detail by Voskresenskii.*

When selecting a method for removing the interference of sonie ion or other, the
individual characteristic of the ion to be detected must be taken into account. For
example, by using complex formation (masking), the ion being detected may also
combine to form a stable complex. Only those ligands may be used which give
compounds having a high pK with the interfering ion and compounds with a low pK
with the ion being determined.

There are a large number of substances, chiefly organic, which are suitable as
ligands.* It should be noted, however, that the stability of complexes of ions having a
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variable valency depends on the latter. The ions having the highest valency usually
bave a pK considerably greater than those ions having the lower valency. For
example, pK = 14-5 for the Trilon complex of iron(II) while for iron(III) it is 25-1.
There is a still more striking difference in the values of pK for the salicylate complexes
of iron: 6-55 for iron(II) and 33-6 for iron(III).

The procedure involving redox reactions can be used for a few ions, chiefly for the
removal of the effects of copper and iron. This procedure is, however, rarely used.

The procedure involving the conversion of interfering ions into volatile compounds
is of great interest, not only as a means of removing interfering ions but also as a
means of concentrating the ion to be determined. Many halides have a comparatively
low boiling point or sublimation temperature, e.g., SiCl, boils at 68°, SnCl, at 114°,
TiCl, at 136°, SbCl; at 140°, FeCl; at 185°, efc. This property may be used to separate
them from accompanying ions. For ions of the same element there is a variation of
boiling point with valency. For ions having a variable valency the boiling point of the
chloride of a compound incorporating the higher valency is always considerably
lower than that of the chloride of a compound incorporating the lower valency. An
exception is mercury, for which a reverse relationship is observed.

On reacting with organic substances, metal ions very often form complexes
having a comparatively low boiling point. For example, beryllium may be separated
from a mixture as its oxyacetate, tin and nickel as their dimethylglyoxime complexes,?
and polonium as its diphenylcarbazone,® ezc.

When carrying out a reaction without crushing the minerals but directly on their
surface, one frequently succeeds in detecting the required ion of an element without
taking any measures to remove the effects of interfering ions.

In cases where a contact reaction or a reaction on the surface of a mineral does not
take place, the mineral should be decomposed. The best way of doing this is to heat
the crushed mineral with a five- or six-fold quantity of ammonium sulphate or with a
mixture of three ammonium salts, the sulphate, chloride and nitrate, taken in a
definite ratio. The mass obtained after decomposing the mineral should have a white
or grey colour. In rare cases the decomposition procedure has to be repeated to
obtain a white or grey mass.

The technique for carrying out solid-state analytical reactions is very simple.
They may be carried out in a suitable porcelain crucible, still better in a quartz
crucible, or on a piece of filter paper or simply on the surface of the mineral. The
quantities of materials have already been mentioned. Reagents, particularly organic
reagents having a colour of their own, are best used in the form of a mixture with
carefully purified and finely-ground quartz sand or with pure silica gel. Depending
on the reagent, such mixtures should be prepared with a reagent content not
exceeding 1%.

A glass rod, not exceeding 3 mm in diameter and some 50-60 mm in length, is
used to triturate the reactants when placed in a crucible, on paper or on a mineral
surface.

Solid potassium or sodium bisulphate may be used in almost all cases where the
presence of a proton or hydronium is required.

If the reaction requires heat, gas or alcohol burners or solid fuels (urotropine, dry
alcohol, paraffin wax) are used. In summer, sunlight may be used for local heating
with the help of a lens.
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When carrying out reactions directly on the surface of a mineral, the selected
position is first cleaned with a knife, which activates the surface, or the reaction is
carried out at the position of a fresh break. Reactions at a surface proceed somewhat
more slowly than in a crucible containing the crushed mineral but, nevertheless, they
take place sufficiently quickly. For example, if one takes millerite, place a little
ammonium carbonate and a small crystal of dimethylglyoxime on its surface and
triturate it on as small an area as possible, using a glass rod: the characteristic,
stable ruby-red colour of nickel dimethylglyoximate develops very rapidly.

On placing a small crystal of 1,10-phenanthroline on the surface of siderite and
triturating, the red coloration characteristic of the reaction with iron(II) rapidly
appears. All minerals containing this ion behave in this way.

The use of pure metal salts is very convenient for demonstrating solid-state
qualitative analytical reactions. Let us now examine a few such reactions for certain
ions.

Beryllium may be detected by reactions with quinalizarin or Beryllon 2. A little
solid sodium hydroxide is first added to a beryllium salt followed by trituration, then
the reagent is added, again followed by trituration. A characteristic blue coloration
appears with either reagent.

After adding a little solid sodium hydroxide and a little Magneson I or Il to a
magnesium salt, the characteristic colorations appear on trituration.

Any boron compound is mixed with potassium bisulphate and a very small
amount of Beryllon 2 is added. On mixing and heating gently just to a molten mass,
the melt acquires a beautiful blue colour.

Any molybdenum compound is mixed with excess ammonium sulphate and
heated until the evolution of sulphur trioxide ceases. On cooling, the mass should
have the blue colour of molybdenum blue.

On mixing a tin salt and potassium iodide, a golden-yellow colour rapidly appears.

Any bismuth compound is triturated with a certain excess of potassium iodide to
form an iodide complex and hydroxylamine hydrochloride then added. On further
trituration the mass acquires a characteristic orange-red or pinkish-red colour. If
hydrazine sulphate is used instead of hydroxylamine hydrochloride, the colour ob-
tained on trituration will be more pink. For antimony compounds a yellowish-brown
colour is obtained under these conditions.

Many other qualitative reactions could be quoted for various ions. At present
rather more than 200 solid-state reactions for more than 50 elements are known.

It is a characteristic of solid-state analytical reactions that completely insoluble
substances are quite capable of entering into reaction.

Solid-state analytical reactions may be used not only for the detection of elements.
The determination of elements in minerals is possible by using solid-phase colorimetry.
It is possible to carry out solid—phase colorimetry both visually and instrumentally.
Visual determination by comparison of the colour obtained with the colours of a pre-
viously constructed colour scale gives sufficiently satisfactory results. The content of
lead, as well as of iron and nickel,” has been determined in this way, but under con-
ditions where the content of these elements did not exceed 1°.

Besides the study of minerals, solid-state analytical reactions may also be used
for the qualitative testing of alloys, mineral fertilisers, etc.

To aid mineralogists and geologists in the U.S.S.R., Voskresenskii chemical kits

3
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for use in the field, designed for a fixed group of elements (10-12) are issued. Their
contents may be varied as desired.

Finally, attention is drawn to the studies carried out by Feigl in recent years. He
has shown the existence of new or hitherto little considered possibilities by using
solid-state reactions in qualitative organic analysis. These include hydrolytic and
ammonolytic cleavages and displacement, condensation and redox reactions that
occur when organic compounds are melted or sintered with suitable reagents. Many
sensitive and strikingly simple tests have resulted from this work.?

Zusammenfassung—Die Natur analytischer Reaktionen zwischen
Festkorpern, ihre Entstehungsgeschichte und die dafiir aufgesteliten
Regeln werden zusammenfassend behandelt. Beispiele fiir den
Nachweis verschiedener Elemente werden angegeben. Es wird
beschrieben, wie die Reaktionen auszufiihren sind, und die Méglich-
keiten zur Anwendung analytischer Festkdrperreaktionen nicht nur in
der qualitativen, sondern auch in der quantitativen Analyse aufgezeigt.

Résumé—On présente un compte-rendu sur la nature des réactions
analytiques entre solides; on résume histoire de leur origine et les
régles établies a leur sujet. On donne des exemples de détection de
certains éléments. On décrit les techniques des réactions et indique les
possibilités d’emploi des réactions analytiques a I'état solide non
seulement en analyse qualitative, mais aussi en analyse quantitative.
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Summary-—Weak acids have been successfully titrated by coulometric
generation of a base in a non-aqueous solvent. A platinum cathode
and a silver anode, both placed in a solution of benzene-methanol
or tertiary butyl alcohol-methanol, were employed with a supporting
electrolyte of sodium perchlorate and tetrabutyl ammonium iodide.
The procedure permits the titration of many weak acids with an
accuracy of 29 or better. A method of preparing CO,-free quaternary
ammonium bases is outlined,

INTRODUCTION

RECENTLY, several workers have reported results for the non-aqueous titration of
acids. Johansson! reports a procedure for the determination of acids in isopropanol by
generating isopropoxide coulometrically; both a cell arrangement in which the anode
and cathode are separated, and one in which they are in the same vessel, are described.
Streuli et al.? report the titration of acids by generating hydroxide coulometrically
in a water-acetone medium. In this laboratory, satisfactory coulometric titrations
have been performed in a single vessel containing silver, platinum and glass electrodes,
a quaternary ammonium halide, and either a benzene-methanol or a tertiary butyl
alcohol-methanol solvent. In effect, tertiary butylammonium methoxide is prepared
by this procedure. Methanol is reduced at the cathode to form methoxide, and silver
is oxidised at the anode in the presence of tertiary butylammonium halide, thus
precipitating the insoluble silver halide. This method has the advantage that satis-
factory titrations may be performed in a single cell, using solvents which possess
favourable dissolution abilities and which give well-defined curves.

EXPERIMENTAL
Apparatus

A constant-current supply, modelled after that reported by Ehlers and Sease®was used throughout.
The titration cell consisted of a 400-ml wide-mouthed glass jar 8 cm in diameter and 8 cm high. This
carried a 100-cm (24 gauge) silver-wire anode wound in a coil around the side of the jar, and a 1-cm
platinum wire cathode. The indicator system consisted of a glass electrode and the silver anode,
which was used as a reference electrode. The end-point was detected potentiometrically by a Leeds
and Northrup 7401 pH meter. The current was determined by measuring the IR drop across a
precision resistor (0.2%;), using a Leeds and Northrup Potentiometer. Magnetic stirring was used.

Procedure

Approximately 50 ml of the solvent containing 0.2F NaClO, and 0.02F tertiary butylammonium
iodide were pipetted into the titration vessel. Often the sodium perchlorate contained acidic impur-
ities, and a blank correction was necessary. If a blank correction was necessary, the solvent containing
the sodium perchlorate and the tertiary butylammonium iodide was pre-titrated until the potentio-
metric end-point of the acid was reached. The acid sample was added, and base was generated until
the potentiometric end-point of the acid was observed. Visual indicators, such as Bromthymol Blue,
gave results identical with those obtained potentiometrically. The amount of acid was calculated
from Faraday’s laws.
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RESULTS AND DISCUSSION

In order to evaluate the method, the non-aqueous base was generated in various
solvent systems, as indicated in Table I. The generated base was titrated with per-
chloric acid in a 9:1 methanol-benzene solution (v/v). As a further check on the
efficiency of the generation, benzoic acid was placed in the cell containing 509
benzene-50 %, methanol electrolyte solution and titrated to a potentiometric end-point
directly with generated base. Although the results in a benzene-methanol solvent were
satisfactory, the acidic nature of the alcohol suggested the need to find other
solvent systems. For this reason, investigations were extended to tertiary butyl

TABLE 1.—THE EFFICIENCY OF GENERATION OF QUATERNARY AMMONIUM
BASES IN VARIOUS SOLVENTS

Solvent Number of trials Accuracy
Methanol 6 994 4+ 2.1
Benzene-methanol (75:25) 10 99.4 +1.3%
Tertiary butyl alcohol- 14 972 +1.5%
methanol (90:10)
Tertiary butyl alcohol- 7 100.3 4+ 1.9%

methanol (60:40)

alcohol in the presence of various amounts of methanol. In solutions 0.2F in NaClO,,
and at high concentrations of tertiary butyl alcohol, the current throughout the
titration was very erratic. This may result from the low dielectric constant of the
solvent. The presence of high concentrations of tertiary butyl alcohol is advantageous,
however, because the sharpness of the end-points is increased. At 602, (v/v) of tertiary
butyl alcohol the current was quite stable and the results accurate within 2 %;.

Initial studies indicated that when a large cathode was employed, a precipitate of
silver appeared on the cathode. This phenomenon was also observed by Johansson.!
When small platinum electrodes were employed, the deposit on the cathode was very
small. The size of the cathode and the amount of sodium perchlorate required were
interdependent to some extent. Small cathodes required large quantities of sodium
perchlorate; perchlorate concentrations greater than 0.15F were required with a 1-cm
cathode, using 0.05F tertiary butylammonium iodide. Attempts to titrate acids or to
prepare a tertiary butylammonium methoxide titrant using larger quantities of the
iodide and completely omitting the sodium perchlorate were unsuccessful. The
current was very erratic using only the tertiary butylammonium iodide as the electro-
lyte, and titrations were possible only to 49 precision when the perchlorate was not
present. The tertiary butylammonium methoxide, when prepared in a nitrogen
atmosphere, was found to be carbonate free. Titration of this base with non-aqueous
perchloric acid gave only one end-point inflection. For this reason the base should
be useful in the titrimetric as well as in the coulometric titration of very weak acids
with high precision.

Although high currents up to 30 mA were employed, it is apparent that lower
currents may also be used. The end-point detection methods appear to be the main
limitation to lower concentrations. Visual indicators, such as Bromthymol Blue, gave
results identical with those for potentiometric detection procedures. It may be
possible to extend the method to lower acid concentrations by using a photometric
end-point procedure.
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Titrations of acids such as adipic, tartaric, succinic and salicylic, and of dinitro-
phenol were successful to 49, or better using a benzene-methanol solvent system.
The titration of phenol was unsuccessful. Results indicate that the 609, tertiary
butyl alcohol-40 %, methanol solvent system may be used to titrate mixtures of acids.
In most cases, where the aqueous dissociation constants of the acids differed by a
factor of 103, two sharp end-point breaks were obtained.

Zusammenfassung—Durch coulometrische Bildung einer Base in
einem nichtwiBrigen Losungsmittel wurden schwache Sduren mit
Erfolg titriert. Es wurden eine Platinkathode und eine Silberanode
in einer Losung von Benzol-Methanol oder Tertidr-Butanol-Methanol
verwendet, als Trigerelektrolyt Natriumperchlorat und Tetrabutyl-
ammoniumjodid. Das Verfahren erlaubt die Titration vieler sch-
wacher Sduren mit einer Genauigkeit von mindestens 2%. Eine
Methode zur Herstellung CO,-freier quartirer Ammoniumbasen wird
skizziert.

Résumé—On a dosé avec succts des acides faibles par génération
coulométrique d’une base en solvant non aqueux. On a utilisé une
cathode en platine et une anode en argent, toutes deux placées dans
une solution benzéne-méthanol ou terz-butanol-méthanol, avec un
électrolyte support de perchlorate de sodium et d’iodure de tétra-
butylammonium. La méthode permet le dosage de nombreux acides
faibles avec une précision égale ou supérieure & 2%. On décrit de
fagon sommaire une méthode de préparation de bases ammoniums
quaternaires exemptes de CO,.
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ERIOCHROMBLAU S.E. ALS REDOXINDIKATOR
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Zusammenfassung—Eriochromblau S.E. ist als Redoxindikator zu in
saurer Losung erfolgenden Titrationen mit Cer(IV)sulfatmassiosung
und Kaliumbromatmasslésung und zu in alkalischer Losung erfol-
genden Titrationen mit Natriumhypobromitmasslésung dienlich.
Der Farbumschlag ist sowohl in 0,1 und 0,01 n Mass scharf, der Indi-
katorfehler ist vernachldssigbar. Das Redoxnormalpotential des
Indikators betrdgt 40,87 V/n H,. Bei der Oxydation des Farbstoffes
durch Cer(IV)-Ionen bildet sich wahrscheinlich reversibler Weise ein
Azoxyprodukt.

DEer Farbstoff Eriochromblau S.E. (1-Oxy-4-chloro-2,2-diazobenzol-1,8-oxy-naph-
thalin-3,6-disulfonsaures Natrium),

OH OH

O“’”‘O@

NaO,$ 'SO;Na

wurde in der chemischen Analyse als Reagens zuerst zur photometrischen Bestim-
mung des Calciumgehalts von Serum angewandt.! Bei der titrimetrischen Bestimmung
des Calciumgehalts von Blutserum und Milch mit ADTA-Masslésung fand die
Verbindung auch als Indikator Gebrauch.? Ausser Calcium kann man sie auch bei
der komplexometrischen Titration von anderen zweiwertigen Metallionen zu Indika-
tion heranziehen, da sie mit diesen im pH-Gebiet 10-12 rosa oder violette Kom-
plexverbindungen bildet.# Der Indikator selbst hat bei pH < 7 eine rétlich-violette,
in der Umgebung von pH 10 eine blauviolette Farbe. Wir fanden, dass Eriochrom-
blau S.E. auch als Redoxindikator wirkt. Im folgenden wollen wir iiber die dies-
beziiglichen Versuche berichten. Der Farbumschlag tritt auch in 0,01 n Mass sehr
scharf ein, der Indikatorfehler ist vernachléssigbar.

Bestimmung des Umschlagspotentials des Indikators

Eriochromblau S.E. ist in stark schwefelsaurer oder salzsaurer Losung rotviolett, bei pH Wert
> 10 blauviolett, auf Einwirkung von starken Oxydiermitteln in saurer Lsung gelb, in alkalischer
Lgsung farblos. Um den Umschlagspotentialwert zu bestimmen, wurden 5ml 0,1 bzw. 0.01 m
Eisen(II)sulfatlésung in Gegenwart von 0,1 mt 0,2 %; iger Eriochromblau S.E.-Lésung mit Cer(IV)-
sulfatmasslosung von entsprechender Konzentration titriert. Die Losungen enthielten 5, 10 und
209, Schwefelsiure, das Endvolumen betrug in jedem Fall 50 ml. Als Elektroden dienten eine
glatte Platinindikatorelektrode und eine Bezugselektrode aus gesittigtem Kalomel. Die Messungen
wurden mit Hilfe eines Polymetron 42 B Gerit unternommen. Die Farbinderungen wihrend der
potentiometrischen Titration wurden ebenfalls registriert. Fiir Umschlagspotentialwert galt der-
Jenige Potentialwert, bei welchem die Farbe von rétlich-violett ins gelb dnderte. Die Farbanderung
trat in der steilen, sprunghaften Strecke der Titrationskurve auf. Der Wert des Umschlagpotentials
betrug unabhéngig von der Siurekonzentration +0,87 V/n Hy. In Abb. 1. sieht man beispiels-
halber die in 5 %jiger Schwefelsaureldsung erhaltene potentiometrische Titrationskurve.
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Unserer Anschauung nach bildet sich bei der Oxydation reversibler Weise ein Azoxy-Produkt:

OH OH OH OH OH OH
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Zur endgiiltigen Kldrung der Frage sind infrarot spektrophotometrische Untersuchungen im Gang.
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Amp. 1.—Cerimetrische Eisentitration in Gegenwart von Eriochrombiau S.E.

Zur Untersuchung der Farbiinderung wurden die Absorptionskurven des Indikators in 5 %iger
Schwefelsdure, in 0,01 n Natrinmhydroxydldsung, weiterhin die Absorptionskurve des oxydierten
Produkts in 5 Jiger Schwefelsdurelosung aufgenommen. Zur Oxydation diente 0,01 n Cer(IV)sulfat-
masslosung. Die Kurven sind in Abb. 2. dargestellt. Das Absorptionsmaximum der sich in saurer
Losung ausbildenden rotlichvioletten Form liegt bei 535 mu, das der blauvioletten alkalischen Form
bei 550 mu. Die Absorptionskurven wurden an einem Hilger-Watts Geradt mit Wolfram Glithbirne
in einer 1cm Quarzkiivette mit 0,14 Spaltbreite gegen destilliertes Wasser aufgenommen. Dre
Absorptionskurve des oxydierten Produkts wurde gegen die indikatorfreie Versuchidsung gemessen.
Der Farbumschlag ist der Abb. 2. gemiss scharf und kontrastvoll.

Praktische Anwendungen des Indikators

Da der Umschlagspotentialwert des Eriochromblau S.E. sehr hoch liegt, war s zu erwarten,
dass es zur Endpunktsindikation von Bestimmungen mit stark oxydierenden Massiosungen dienlich
sein wird.

Bei den Versuchen wurden folgende Masslosungen und Reagenzien beniitzt:

0.1 und 0.01 m schwefelsaure Eisen(IDsulfatmasslosung, 0,1 und 0,1 n schwefelsaure Cer(IV)-
sulfatmasslosung, 0,1 und 0,01 n Kaliumbromatlosung, 0,1 und 0,01 n Arsentrioxydldsung, 0,1 n
Natriumhypobromitlésung, weiterhin 0,1 n Ascorbinsdurelosung. Die 0,1 n Kaliumbromatlosung
und die 0,1 n Arsentrioxydldsung wurden durch Finwaage bereitet. Der Wirkungswert der 0,1 n
Cer(IV)sulfatmassiosung wurde gegen p.a. Eisen(IDammoniumsulfat neben Ferroin als Indikator
eingestelit. Die 0,1 m schwefelsaure Eisen(IDsulfatidsung wurde aus Mohrschem Salz bereitet. Die
0.1 n Natriumhypobromitldsung wurde nach Erdey und Buzis® hergesteilt, 500 mi frisch bereitetes
gesdttigtes Bromwasser wurden mit 500 m! n Natriumhydroxydiosung vermischt, der Wirkungs-
wert wurde mit 0,1 n Arsentrioxydidsung bestimmt, dann die Losung mit 0,5 n Natriumhydroxyd-
Iosung dermassen verdiinnt, dass der Hypobromitgehalt eben 0,1 n sei und der Wirkungswert mit
0,1 n Arsentrioxydlésung definitiv eingestellt.
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0,5m Natriumhydroxydlésung, 50%ige Schwefelsiure, cc und 10%;ige Salzsiure, 0,2 %ige
wissrige Eriochromblau S.E.-Losung, 0,2%ige alkoholische p—Athoxychrisoidinlﬁsung, 0,4 %ige
wissrige Methylorangelésung, 0,025 m Ferroinldsung und 0,01 %jige wissrige Luminolldsung.

Cerimetrische Eisenbestimmung: Eisen(II)l6sungen von verschiedenen Konzentrationen werden
mit 4 ml 50 %iger Schwefelsdure und 2-3 Tropfen 0,2 %iger wissriger Eriochromblau S.E. Indikator-
losung versetzt und das Volumen mit Wasser auf 50 ml verdiinnt. Man titriert die rotlichviolette
Losung unter bestindigem Schiitteln mit Cer(IV)sulfatmasslosung bis zur gelben Farbe. In einer
bis Endpunkt titrierten Losung riickwandelt das gelbe “‘oxydierte” Produkt auf Einwirkung von
Eisen(Il)Ionen in die rotviolette “reduzierte” Form, die Farbstirke ist jedoch geringer. Das
bedeutet, dass der Indikator wihrend der Titration eine gewisse Zerstorung erleidet. Wird die
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AsB. 2.—Absorptionskurven von Eriochrombiau S.E.
— x— H,S0,: rotviolett, Amax 535 mu;

—QO— NaOH: blau-violett, Amax 550 mu;
—A—— Ox.: gelb.

Indikatorfarbe wihrend der Titration schwicher, so sind gegen den Endpunkt noch 1-2 Tropfen
Indikatorlésung zuzusetzen. Die Indikatorkorrektion betrigt bei Anwendung von 1 Tropfen
0,2%iger wissriger Indikatorlosung 0,3 ml 0,01 n Cer(IV)sulfatmasslosung. Ein grésserer Uber-
schuss der Masslosung zerstort den Indikator. Die mit Eriochromblau S.E. erhaltenen Titrations-
ergebnissen wurden mit den Resultaten der Titration mit Ferroin-Indikator verglichen und in Tab. I.
dargestelit. Die standard Deviation betrug bei der Titration von ~55 mg Eisen 40,04 mg bzw.
+0,07%;.

Bromatometrische Arsenbestimmung: Die Arsen(1l)Ionen enthaltende Losung wurde mit 20 mt
cc. Salzsdure und 2-3 Tropfen 0,29 iger Eriochromblau S.E. Indikatorlosung versetzt und soviel
Wasser zugegeben, dass das Endvolumen etwa 100 ml betrdgt. Vor der Titration wurde die Losung
auf 50-60° erwdrmt, dann solange mit Kaliumbromatmasslosung versetzt, bis die rotviolette Farbe
des Indikators nach Gelb umschlug. Die Ergebnisse wurden mit den Resultaten der Arsenbestim-
mung nach Gydry unter Anwendung von Methylorange als Indikator verglichen (Tab. 1.). Das im
Aquivalenzpunkt freiwerdende Brom zerstort den Indikator, weshalb die Indikatorfunktion irre-
versibel ist. Die standard Deviation betrug bei der Titration von ~37 mg Arsen(III) 4-0,04 mg bzw.
+0,109,.

Arsenbestimmung mit Natriumhypobromit-Masslésung: Zur Endpunktsindikation dieser Reak-
tion sind Carminsdure, Brasilin und Santalin bisher empfohlen worden.®~® Diese funktionieren
aber nur in Gegenwart verschiedener Katalysatoren oder bei hoherer Temperatur. Erdey und Buzis®
empfahlen zu dieser Endpunktsindikation Luminol, das den Endpunkt durch einige Sekunden lang
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dauerndes Leuchten bekannt gibt. Eriochromblau S.E. bewihrt sich sehr gut als Indikator bei
dieser Bestimmung. Alkalische Losungen (5 ml 1 n NaOH/100 ml) von verschiedenem Arsengehalt
werden solange mit 0,1 n Natriumhypobromit-Masslésung titriert, bis der Indikator farblos wird.
Die Variation der Laugekonzentration zwischen pH 10-13 ist ohne Einfluss auf die Resultate. Die
Ergebnisse der Titrationen sind in Tab. I. dargestelit. Die standard Deviation betrug beim
Bestimmen von 37 mg Arsen -+ 0,9 mg bzw. 10,237,

TABELLE I.—RESULTATE DER TITRATIONEN

Cerimetrische Eisenbestimmung

Ferroin. Fe, mg 110,36 82,85 55,34 27,64  13,62* 10,92* 6,00* 3,02*
Eriochromblau S.E.

Fe, mg 110,37 82,95 55,32 27,66  13,50* 10,82* 5,94* 2,99+
Abweichung, mg +0,01 +0,1 —0,02 +0,02 —0,12 —0,10 —0,06 —0,03

Bromatometrische Arsbenbestimmung

Methylorange.

As, mg 92,50 74,04 37,67 18,50 9,22* 7,38* 3,69* 1,84+
Eriochromblau S.E.

As, mg 92,50 74,00 37,68 18,49 9,23* 7,41* 3,72% 1,87*
Abweichung, mg — -04 4001 -0,01 +001 +0,03 +0,03 10,03

Arsenbestimmung mit Hypobromit Masslosung

Luminol.

As, mg 75,01 56,17 37,64 18,72
Eriochromblau S.E.

As, mg 74,98 56,23 37,68 18,88
Abweichung, mg —0,03 +0,06 -+0,04 40,16

Bromatometrische Ascorbinsdurebestimmung

p-Athoxychrisoidin.

AS., mg 97,36
Eriochromblau S.E.

AS., mg 97,48
Abweichung, mg +0,12

Die Resultate gewonnen mit Eriochromblau S.E. sind Mittelwerte von sechs Titrationen.
* Die Titrationen wurden in 0,01 n Mass ausgefiihrt.

Bromatometrische Ascorbinsiurebestimmung: Zur bromatometrischen Ascorbinsdurebestim-
mung entwarfen Schulek und Kovécs® eine Methode. 10-200 mg Ascorbinsdure sind in 10 ml
Wasser zu l6sen, mit 0,5 g Kaliumbromid zu versetzen und mit 5-10 ml 10%(iger Salzsdure anzu-
sauern. Sie titrierten in Gegenwart von 1 Tropfen p-Athoxychrisoidin mit 0,1 n Kaliumbromat-
masslgsung bis Farbumschlag. Wie in Tab. I. zu sehen ist, erhilt man auch mit Eriochromblau S.E.
genaue Resultate. Die standard Deviation betrdgt bei der Titration von 100 mg Ascorbinsiure
40,12 mg bzw. 0,12%;.

Summary—Eriochrome Blue S.E. can be used as a redox indicator
for titrations with cerium(IV) sulphate and potassium bromate
standard solutions in acidic medium, and for titrations with sodium
hypobromite standard solution in alkaline medium. The colour
change is sharp both in 0-1 and 0-01N titrations, and the indicator
error is negligible. The standard redox potential of the indicator is
+0-87V (against H,). When oxidised with cerium(I'V)ions, presumably
an azoxy-product is formed reversibly.
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Résumé—On peut utiliser le bleu Eriochrome S.E. comme indicateur
redox pour des dosages au moyen de solutions titrées de sulfate de
cérium(IV) et de bromate de potassium en milieu acide, et pour des
dosages au moyen d’une solution titrée d’hypobromite de sodium en
milieu alcalin. Pour des dosages aux concentrations 0,1 et 0,01 N, le
changement de couleur est net, et I'erreur d’indicateur est négligeable.
Le potentiel redox normal de I'indicateur est 40,87 V (par rapport &
H,). Par oxydation au moyen d’ions cérium(IV), il se forme pro-
bablement, de fagon réversible, un composé azoxy.
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Summary—The rates of reaction of 2,3,5-triphenyl-2H-tetrazoliuin
chloride with the more common hexoses (glucose, fructose, mannose,
sorbose and galactose) and pentoses (xylose and ribose) have been
studied. Under certain conditions, over a limited range of reaction,
the extent of the reaction is directly proportional to the time of reaction
(a “‘pseudo zero-order” reaction). Also, the rates of reaction of the
sugars are quite different in most cases. Thus, the behaviour of this
reagent is quite satisfactory for the determination of binary mixtures
of most of the sugars tested, by a simple differential rate technique
developed for ‘‘zero-order” competitive reactions. The rates of
reaction of 2,3,5-triphenyl-2H-tetrazolium chloride with ascorbic acid,
creatinine and glutathione, often found in blood serum, which interfere
with most blood serum sugar analysis methods, have also been ex-
amined to determine if they would interfere with the determination.
Glutathione and creatinine do not react with the reagent and do not
interfere with the analysis of sugar mixtures. Ascorbic acid, however,
reacts rapidly, and as little as 1-29{ leads to error in the sugar-mixture
determination.

INTRODUCTION

IN general, the analysis of sugar mixtures is carried out in two steps: the mixture is
first separated by paper or column chromatography, and this is followed by a quan-
titative evaluation of the spots or fractions.! Gas chromatographic techniques have
also been employed, following methylation of the sugars.>~4 Methods for the in situ
determination of sugar mixtures based on techniques employing differential reaction
rates have also been reported.5~? None of these differential reaction-rate methods are
entirely satisfactory for rapid routine analysis, because of either laborious procedure
or slow time-consuming reactions. The method of Siggia et al.,5 based on the
differential rates of dialysis of the sugars, although reported to be very accurate, and
capable of determining three-component mixtures, is somewhat time-consuming,
requiring 15-50 titrations during the course of an individual mixture determination.
The two chemical reaction-rate methods, based on the differential rates of reaction of

* Participant in the University of Michigan Undergraduate Honors Research Programme.
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the sugars with anthrone,® or with ammonium molybdate,” are somewhat less labor-
ious, requiring only two simple spectrophotometric measurements for each mixture
analysis. However, both reagents have distinct disadvantages: in the anthrone®
method two measurements are made at two different temperatures, 25° and 100°; and
the ammonium molybdate method employs a very slow reaction (2 hr reaction time
at 100°).

The compound 2,3,5-triphenyl-2 H-tetrazolium chloride (THTCI) reacts readily
under mild conditions with reducing compounds, such as sugars,® to form a red
water-insoluble formazan;%1° the quantity of this is directly proportional to the
concentration of the sugars.!! This red precipitate is readily dissolved on adding
acid-pyridine to the solution, and this reagent also serves to stop the reaction. There-
fore the amount of formazan formed at any time during the course of the reaction
is readily measured spectrophotometrically.’! Mattson and Jensen!! also observed
that fructose had a “seven-fold greater reducing power” (a faster rate of reaction)
than glucose. It therefore appeared that THTCI might be a very suitable reagent for
the analysis of sugar mixtures by a differential reaction-rate technique. This paper
reports the results of the investigation of the reaction of this compound with sugar
mixtures and its applicability as a reagent for their analysis.

EXPERIMENTAL
General procedure

The reaction solution is prepared by dissolving the sugar mixture in water to give a solution
which is approximately 1-5 m/molar in total sugar, a concentration range of sugar which gives
convenient absorbance values on reaction (generally between 0.2 and 0.8). Two 10-ml samples of
the sugar solution are then introduced into 50-ml volumetric flasks, placed in a thermostatted water
bath at 25° + 0.05 and ailowed to come to thermal equilibrium; 5.0 ml of 1.00M NaOH are then
added to each flask, and the solution is mixed and allowed to stand for about 6 min to ensure thermal
equilibrium. The reaction is started by the addition of 1.0 ml of a freshly prepared 0.015M solution
of THTCL. One of the sample solutions is allowed to react for 20 min and the other for 50 min. The
reactions of the two samples are stopped at the appropriate times by the addition of 15 ml of a pyri-
dine-cone, hydrochloric acid solution (20:3, v/v). The addition of this reagent also dissolves the red
formazan product of the reaction. The extent of the reaction at these two times is determined by
measuring the absorbance of the resuliant solutions at 490 mu. A Beckman model DU spectro-
photometer was employed in this study and the blank was a solution containing all the species, except
the sugar, in the concentrations initially added to the sample solution.

The rates of reaction of the pure individual sugars were determined in the same manner. The
extent of the reactions for the individual sugars were, however, measured over a large range of time
intervals,

Calculation of the composition of the mixtures
In the reaction conditions described, the rates of formation, for ali the sugars 4 studied, of the
red formazan product, R, in the reaction:

A + THTCl - R {1

were directly proportional, over a limited part of the initial portion of reaction, to the time of the
reaction, as shown in Fig. 1. The amount of Rformed at any given time, ¢, during the course of the
reaction, was directly proportional to the initial concentration of the sugar present (see Fig. 2). Thus,
a very simple proportional relationship describes the concentration of the formazan product, as a
function of time and initial concentration of sugar:

[Rle = kat[So 2

where [R], is the concentration of the product at any time, ¢, £, is the proportionality constant which
can be considered to be a “‘pseudo zero-order” rate constant for the reaction of the sugar, 4, and [S.],
is the initial concentration of the sugar, 4. Because the absorbance of the formazan is the measured
parameter, and because the formazan obeys Beer’s Law, the measured absorbance, P, at any time,
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1, is also directly proportional to ¢ and [S,),; and at a fixed value of ¢ it is directly proportional to
[S.], only:
Py = ebk 2[S4ly = K4, dSis 3)

where ¢ and b are the molar absorptivity of R and the path length of light in the spectrophotometer
cell, respectively; and K, is the proportionality constant relating P, to [S,], at any fixed value of .
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FiG. 1.—Reaction rate curves of five hexoses.
Concentration of hexose = 1 X 10-3M;
concentration of THTCI = 0.94 x 10-2M;
temperature = 25° + 0.05°.

If two sugars, 4 and B, react simultaneously and competitively with THTCI to form the formazan
products, but with different rate constants, X, and X, respectively:

and A+ THTCl—*4 , R @
n
B + THTCI _k£_> R )

The total concentration of formazan, measured as an absorbance value, P, at two different times, ¢
and #*, during the course of the reaction is given by:

P = KdSdo + Kp.dSsh (©)
Pl = KA,tl[sA.]o + Kx.tllsxlo (7)

Where K4, is defined by equation (3), K,.! is equal to ebk 4!, and Ky, and K, ! are proportionality
constants of the same form, except that they contain kj [the *“pseudo zero-order rate constant” of
the reaction of B; equation (5)] rather than k,. The values of these four X constants in equations
(6) and (7) are easily determined experimentally by measuring the values of P obtained for the reac-
tions of known initial concentrations of pure A4 and B at the two time intervals, 7 and #* [see equation
(3)). The values of ¢, b, k, and k5 do not have to be known separately.

>

and
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With the values of the K constants predetermined, the analysis of a two-component sugar
mixture is then accomplished by simply measuring the absorbance, P, at the two times ¢ and ¢*. These
values can then be used with equations (6) and (7), which can be solved simultaneously to give [S,),
and [Sg)o. This type of calculation using proportional equations is the same as that employed for
the analysis of mixtures undergoing first-order reactions'? and enzyme catalysed reactions.®® Only
the form of the proportional equations is different in each case.

T T T T 1 T T T T L B T 1
A B.

ABSORBANCE

J | ] ] | | | |
(o] 033 067 10

TIME, min [FRUCTOSE], #x 103

Fig. 2.—Effect of concentration of fructose on the rate of reaction.
Concentration of THTCI = 0.94 x 1073M;
temperature = 25° 4- 0.05°.

A: Curve 1. Concentration of fructose = 0.17 x 10-3M.
Curve 2. Concentration of fructose = 0.33 x 10—3M.
Curve 3. Concentration of fructose = 0.50 x 10—3M.
Curve 4. Concentration of fructose = 1.00 x 10—3M.

B: Curve 1. Extent of reaction at time, ¢t = 20 min.
Curve 2. Extent of reaction at time, ¢t = 50 min.

RESULTS AND DISCUSSION

In order to determine the optimum conditions for the analysis of sugar mixtures
using the THTCI reagent, the rates of reaction of the different hexoses were investi-
gated over a range of sugar and reagent concentrations. The most reproducible rate
values were obtained when the ratio of the total concentration of sugars to THTCI
was approximately 1:15 to 1:1, i.e., second order conditions. Under these conditions
the reaction at 25° is quite slow. It can be seen in Fig. 3, that the reaction with the
fastest reacting sugar, fructose, requires over 6 hr to go to completion. This slow
rate of reaction under these conditions makes this reagent unsuitable for the usual
graphical second order differential rate methods,'4-5 which require the reaction of the



Determination of sugar mixtures 31

mixture to approach completion. Also, the rate results obtained for times greater than
about 3 hr were not very reproducible. This may possibly be either because the over-all
reaction is quite complex (the linear behaviour of the initial rate also suggests this)
or because the formazan product is somewhat unstable (as discussed below). How-
ever, because the rate values during the initial portion of the reaction (up to 2 hr)
were quite reproducible, and the extent of the reaction was conveniently linear with
respect to time during this period, the determination of sugar mixtures can easily be
made as explained above. The one disadvantage in using merely the initial reaction
rate values is that only a small per cent, 10-20 9, of the reaction has taken place. Thus.
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F1G. 3.—The rate curve for the reaction of 0.5 x 10—4M fructose and 0.94 x 10-3M
THTC! at 25° 4+ 0.05°.

the absolute sensitivity of method is about 109 of what could be realised by using a
method which allows the reaction to go to completion. However, it is felt that the
time saved, the simplicity of the calculations, and the increase in precision obtained
by using this initial portion of the reaction, more than compensate for the loss of
sensitivity.

At present, the explanation of the “pseudo zero-order” behaviour (linearity of
the extent of reaction with time) during the initial 20 %, of the reaction is not known.
The mechanism of the reaction must be considerably more complex than might be
expected.

The value of the different proportionality constants, K, at ¢ = 20 min and ¢’ = 50
min.* for the seven sugars studied are given in Table 1. Also listed in Table I are the
relative rates of reaction of these sugars using glucose as the basis of comparison.
It was found experimentally that for mixtures whose ratio of rates (rate of faster
reacting component: rate of slower reacting component in equal concentrations)
was 2:1 or less, unsatisfactory results were obtained. Thus it appears that the

* These times were arbitrarily chosen in this study; 20 min for 7 was convenient because sufficient

colour was usually developed at this time to give an accurate and precise absorbance measurement;
and 50 min for ¢” ensured that the optical density was not too great to obtain a reading.

4
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TaBLE I.—THE RELATIVE RATE CONSTANTS FOR THE REACTION OF SUGARS WITH
2,3,5-TRIPHENYL-2H~TETRAZOLIUM CHLORIDE
Concentration of sugar = 1.0 x 10-3M;
concentration of THTCI = 0.95 x 1033
concentrations of NaOH = 0.31M. Temperature = 25° 4 0,05°

Proportionality constants Relative rate
Compound % ; ; constant
(20 min) K,(50 min)

Fructose 0.68 1.70 53
Sorbose 0.52 1.28 4.0
Glucose 0.13 0.32 1
Galactose 0.090 0.23 0.72
Mannose 0.029 0.070 0.22
Xylose 0.12 0,30 0.94
Ribose 0.091 0.23 0.73
Creatinine e e No reaction
Gilutathione — e No reaction
Ascorbic acid e — 131

experimental errors in measuring the various parameters, Py, P/, ¢, ¢, and the values
of K in this method are sufficiently large to introduce significant errors in the deter-
mination when the ratio of rate constants is small. A similar restriction on low ratios
of rate constants was also observed for the first-order “method of proportional
equations.” %17 THTCI is not suitable for the differential rate of determination of
fructose-sorbose, glucose-galactose, glucose-xylose, glucose-ribose or xylose-ribose
mixtures. It is, however, quite suitable for analytical determinations of all the other
binary combinations of the sugars. A few specimen results are given in Table II.

TasLg TI.—THE ANALYSIS OF SOME SUGAR MIXTURES
AL M x 108 [B], M x 108
Mixture
Present Found Present Found
1. 0.33 0.33 30 2.6
0.55 0.44 2.8 3.2
A. Fructose 1.3 1.3 20 2.3
B. Glucose 1.65 1.7 1.65 1.8
22 23 1.1 1.2
2.5 23 0.83 1.1
2. A. Fructose 1.65 17 1.65 1.6
B. Galactose 2.2 22 1.1 0.83
3, A. Fructose 1.65 1.7 1.65 1.6
B. Ribose 1.0 1.0 23 23
4, A. Glucose
A Oucose ) 1.0 0.8 23 2.1
: _ Sorb 0.3 0.8 2.5 2.8
5 A Sorbose } 165 1.7 1.65 1.8
: 25 2.7 0.83 0.7

A relative error of ~3-4%, was obtained for approximately 50 binary sugar mixtures
analysed.

The compounds ascorbic acid, creatinine and glutathione occur in blood serum
in varying amounts, and interfere with all the analytical methods of sugar deter-
minations in blood serum utilising their reducing ability.’-':1®* The analysis of
mixtures of sugar in blood serum is of interest,?? and a differential rate technique has
been successfully employed for the analysis of fructose-glucose mixtures in blood
serum (but is subject to error when the above compounds are present in concentrations
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greater than 49%,).7 It was therefore decided to measure the rates of reaction of these
species to see if they would also interfere with the method presented here. It was found
that creatinine and glutathione did not react to any detectable extent after 1 hr and
do not, therefore, interfere with the determination of the sugar mixtures. Ascorbic
acid, however, reacted with the THTCI very rapidly, as shown in Table I, and as little
as 29, of ascorbic acid in a sugar mixture would result in appreciable error in a
determination.

The red formazan product of the reaction is reasonably stable, but does undergo
some decomposition with time. When dissolved on the addition of the acid-pyridine
solution (which stops the reaction), the absorbance of the resulting solutions decreased
by about 49, in a 4-hr period.
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by the American Chemical Society, and of a grant from the Horace H. Rackman School of Graduate
Studies of the University of Michigan for partial support of this research. Two of the authors
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Zusammenfassung—Die Reaktionsgeschwindigkeiten von 2,3,5-Tri-
phenyl-2H-tetrazoliumchlorid mit den héufigeren Hexosen Glucose,
Fructose, Mannose, Sorbose, Galactose und den Pentosen Xylose
und Ribose wurden gemessen. Unter bestimmten Bedingungen
wurde in einem gewissen Bereich des Umsatzes gefunden, dag der
Umsatz der Reaktionszeit direkt proportional war (Reaktion “‘pseudo-
nullter”” Ordnung). AuSerdem waren die Reaktionsgeschwindigkeiten
dieser Zucker meistens stark verschieden. Demnach erwies sich
dieses Reagens als sehr zufriedenstellend, um binére Mischungen der
meisten gepriiften Zucker mit der in dieser Arbeit entwickelten
Methode des Geschwindigkeitsunterschiedes bei Konkurrenzreak-
tionen ‘“nullter’”” Ordnung zu analysieren. Mehrere Bestimmungs-
beispicle werden angegeben. Die Reaktionsgeschwindigkeiten von
2,3,5-Triphenyl-2H-tetrazoliumchlorid mit Ascorbinsdure, Kreatinin
und Glutathion, Verbindungen, die hiufig im Blutserum vorkommen
und die meisten Zuckeranalysen im Blutserum storen, wurden ebenso
gemessen, um festzustellen, ob sie auch hier stéren wiirden. Glut-
athion und Kreatinin reagieren nicht und stdren bei den Zucker-
analysen nicht. Ascorbinsiure dagegen reagiert schnell und fiihrt
schon in einer Menge von 1-29/ zu falschen Zuckerwerten.

Résumé—On a étudié€ les vitesses de réaction du chlorure de 2,3,5-
triphényl-2 H-tétrazolium avec les hexoses et pentoses les plus courants:
glucose, fructose, mannose, sorbose et galactose, xylose et ribose.
On a trouvé que, dans certaines conditions limitées le rendement
atteint par la réaction est directement proportionnel a la durée de
celle-ci (réaction d’ordre “‘pseudo-zéro”). Les vitesses de réaction de
ces sucres sont également trés différentes dans la plupart des cas.
Ainsi, le comportement de ce réactif est tout A fait satisfaisant pour
le dosage de mélanges binaires de la plupart des sucres essayés, par
la technique simple de vitesse différentielle développée dans ce
mémoire pour des réactions concurrentes d’ordre zéro. Quelques
dosages sont donnés 2 titre d’exemples. On a aussi étudié les vitesses
de réaction du chlorure de 2,3,5 triphényl-2H-tétrazolium avec les
composés suivants: acide ascorbique, créatinine et glutathion, que
Ion trouve souvent dans le sérum sanguin et qui interférent dans la
plupart des méthodes d’analyse du sucre du sérum sanguin; ceci afin
de voir si ces composés interférent dans le dosage effectué selon la
méthode décrite dans ce mémoire. On a trouvé que le glutathion et la
créatinine ne réagissent pas le avec réactif et n’interférent pas dans
I’analyse de mélanges de sucres. L’acide ascorbique, cependant, réagit
rapidement, et une quantité de 1-2 9, seulement conduit a une erreur
dans le dosage du mélange de sucres.



34 HARRY B. MARK, Jr.,, LYNN M. BAckes, DANIEL PINKEL and Louis J. Para

REFERENCES

* L. Hough in Merhods of Biochemical Analysis, edited by J. D. Glick. Interscience Publishers,
Inc., 1956, p. 205.

2 C. T. Bishop and F. P. Cooper, Canad. J. Chem., 1960, 38, 388,

3 H. W. Kircher, Analyt. Chem., 1960, 32, 1103.

¢ A. G. Mclnnes, D. H. Ball, F. P. Cooper and C. T. Bishop, J. Chromatog., 1958, 1, 556.

5 S. Siggia, J. G. Hanna and N. M. Serencha, Aralyt. Chem., 1964, 36, 638.

¢ S. L. Bonting, Arch. Biochem. Biophysics, 1954, 52, 272.

? L. J. Papa, H. B. Mark, Jr. and C. W. Reilley, Analyt. Chem., 1962, 34, 1443,

8 A. M. Mattson, C. O. Jenson and R. A. Dutcher, Science, 1947, 106, 294.

? R. Kuhn and D. Jerchel, Ber., 1941, 74 B, 949.

10 1. F. Fieser and M. Fieser, Topics in Organic Chemistry. Reinhold Publishing Corp., 1963, p. 77.

11 A. M. Mattson and C. O. Jensen, Analyt. Chem., 1950, 34, 182.

2 R. G. Garmon and C. W. Reilley, ibid., 1962, 34, 600.

13 H, B. Mark, Jr., ibid., 1964, 36, 1668.

14 §, Siggia and J. G. Hanna, ibid., 1961, 33, 896.

15 C. W, Reilley and L. J. Papa, ibid., 1962, 34, 801.

1¢ H. B. Mark, Jr,, L. J. Papa and C. W. Reilley in Advances in Analytical Chemistry and Instrumen-
tation, Vol, 11, edited by C. W. Reilley. Interscience Publishers, Inc., New York, 1963, p. 255.

7 L. J. Papa, H. B. Mark, Jr. and C. W. Reilley, to be published.

18 J. B. Hill and G. Kessler, J. Lab. Clin. Med., 1961, 57, 970.

1% M. Somogyi, J. Biol. Chem., 1928, 80, 733; 1937, 83, 137; 1945, 160, 69.

20 1. D. Scott, Biochem. J., 1938, 29, 1012.



Talanta, 1965, Vol. 12, pp. 35 to 41. Pergamon Press Ltd. Printed in Northern Ireland

COPRECIPITATION KINETICS—I
COPRECIPITATION OF LEAD WITH BARIUM SULPHATE
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Summary—An equation has been derived describing the logarithmic
distribution coeflicient in coprecipitation as a function of the rate
of precipitation, the number of growing crystals, and two rate con-
stants, the ratio of which is the distribution coefficient at zero rate of
precipitation. In the system lead sulphate-barium sulphate, the
derived equation adequately describes the precipitation rate-depend-
ence of the distribution coefficient. The distribution coefficient at
zero precipitation rate is 0-010, which agrees satisfactorily with the
value predicted from the solubility product constants.

INTRODUCTION

IF solid barium sulphate is placed in a solution containing lead ion, some of the
barium-in the solid will be replaced by lead to form a solid solution. The distribution
reaction can be written:

Pb**(aq) 4 BaSO, {crystal) = Ba%¥(aq) + PbSO, (crystal) ¢}

The corresponding equilibrium expression is:

K — Apat+(aq) TPbSO(crystal) Ksp(BaSO.)
eq " - .
Apy2+(aq) Bas0 4(crystal) Ksp(Pbso,,)

This equation may be rearranged to give the homogeneous distribution law of

Henderson and Kracek:?
Pb2+ Pb2+
( 2+) = D( 2+) (2)
Ba crystal Ba aq

in which D is called the homogeneous distribution coefficient:
D = Katmson(170) (128
Ksp(PbSOE‘) yBa aq be crystal

and y = activity coefficient.

3

Hermann? has written a similar equation in which the non-ideality of the solid
solution is expressed as a free energy term rather than as a ratio of activity coefficients
in the crystal.
Equations (2) and (3) predict both the extent and the form of the distribution of
* Present address: Department of Chemistry, Hope College, Holland, Michigan, U.S.A.

t Participant in the National Science Foundation Undergraduate Research Participation Pro-
gramme ((G-21893), Summer, 1963.
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lead and barium between the solid and the solution. In a system in which precipita-
tion is taking place, both predictions are wrong. The distribution of ions between
the solid and the solution during precipitation does not correspond to the form of
equation (2), and the observed values for D are not simply related to the solubility
product constants.

According to the homogeneous distribution law, the entire crystal is involved in
the distribution reaction. The distribution reaction is, however, a surface reaction;
the interior of the crystal can react with the solution only through diffusion in the
solid, or through re-solution and re-precipitation. If these processes are slow, it may
be assumed that only the surface of the crystals takes part in the distribution reaction
and that the distribution within the crystal is fixed. In a precipitating system, the
term (Pb?*/Ba%*) at the crystal surface may be replaced by (dPb%**/dt)/{(dBa%t/dt) =
d(Pb*+)/d(Ba*t), and equation (2) becomes

d(Pb*) . (Pb*)
d(Ba%) ~ " (Ba?) @

where D and 4 have the same thermodynamic significance, but describe a different
form of distribution.

In its integrated form, with the assumptions given above, equation (4) is the
logarithmic distribution law of Doerner and Hoskins:

(Pb*1), _ (Ba*"), 5
®oh), B (Bath,” - )

where the subscripts i and f refer to the initial and final solution concentrations.
The form of the logarithmic distribution law is followed by a number of systems,
particularly when the technique of precipitation from homogeneous solution is
employed.2* The observed values of the logarithmic distribution coefficient, 4, are
not, however, simply related to the solubility product constants. Equations (4) and (5)
may therefore be accepted as statements of experimental facts which have not been
rationalised in terms of theory.

Several investigators?:® have observed that 4 is a function of precipitation rate,
and that A approaches 1 (the precipitation becomes less selective) as the rate of
precipitation increases. The present paper describes the derivation and testing of an
equation relating 1 to thermodynamic and kinetic parameters.

log

KINETICS OF COPRECIPITATION

Crystal growth is generally considered to proceed by incorporation of ions or
molecules at kinks in the growth steps on the crystal surface.® A kink site is repre-
sented by the dotted volume of Fig. 1. Kinks are the most active sites for both
deposition and solution of ions, because (@) they provide the maximum number of
nearest neighbour interactions for deposition of an ion, () they provide the minimum
number of nearest neighbour interactions for removal of an ion, and (c) they are
regenerating, because deposition or removal of an ion does not destroy the active site,
but merely moves it.

We will assume that coprecipitation of lead ion in a system in which barium
sulphate is precipitating involves the following steps:

A: Lead and barium diffuse from the bulk solution to the active sites. Because of



Coprecipitation of lead with barium sulphate 37

the similarity of the ions, their diffusion coefficients are essentially equal, and so they
reach the active sites in proportion to their concentration in solution.

B: Every ion which approaches an active site is incorporated into the crystal.
Therefore, precipitation is initially unselective.

C: Once incorporated at an active site, the reactions [equation (1)] leading to
distribution equilibrium begin.

-

Fic. 1.—Representation of the surface of a crystal, showing an active site.

This scheme rationalises the observed relationship between A and precipitation rate.
As the rate of precipitation increases, ions are incorporated into active sites more
rapidly, and the time each ion is in an active site decreases; therefore, there is less
chance for equilibration, and the precipitation remains less selective.

In the derivation below, the charges have been omitted for simplicity.

Let I = total precipitation rate = d[Ba]/dt -+ d[Pb]/dt ©)
According to the proposed steps A and B, the rate of deposition of lead at the active

sites is I ( [Pbl [Bal )
[Pb] + [Ba] [Pb] + [Ba)/ -
The equilibration reaction of step C is

kL
Pb(aq) + BaSO,(crystal) ‘.;-—_‘ Ba(aq) + PbSO,(crystal),

) , and the rate of deposition of barium is I (

for which R,, the rate of the forward reaction, is

R, =kM (d[B;]/dt) ([Pb][lj:][Ba]) '

In this equation, k, is a rate constant, M is the number of active sites,
[Pb] )
[Pb] + [Ba]
available at the site which are lead. Analogously, R,, the rate of the reverse reaction, is
d[Pb]/dt) ( [Ba] )
I [Pb] + [Ba)/ *

(d[Ba]/dt) is

the fraction of sites occupied by barium, and ( is the fraction of ions

R,=k2M(
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The equilibrium constant for the distribution reaction in terms of the rate constants
for the forward and reverse reactions is K., = k,/k,.
The rate equation for the precipitation of lead by steps A, B and C, is

d[Pb]/dt = —I[ITE]D—A — R, + R,
] -+ [Dbaj
d[Pb]  I[Pb] kM
dt  [Pb] + [Ba] (d[Bal/do ([Pb] + [Ba ])

Analogously, the rate equation for the precipitation of barium is

diBa] _ 1[Ba] | kM [Pb]
a [P0 C[Ba | 1 Baldy ([Pb]+ [Ba])

([Pb][+a][Ba]) ‘

Rearranging, and substituting from equation (6) we obtain

d[(l; I ([B ]+ [Pb] — k—— [Pb] — ]i— [Ba ]) = [Pb](I — kM),
from which

d[Pb] _ [Pb] (1 — klM)
d[Ba] [Ba] \Il — k,M

This equation is of the same form as equation (4), so that the proposed mechanism
correctly predicts the form of the distribution in a precipitating system. Further, by
comparing this equation with equation (4), we obtain

1= (tv=2) ™

which describes the observed value of A in terms of the rate of precipitation per
active site, and two rate constants the ratio of which is the equilibrium constant for
the distribution reaction.

The lead sulphate-barium sulphate system was employed to test equation (7).

EXPERIMENTAL
Reagents

Reagent-grade chemicals were used without further purification.

Determination of I, the rate of precipitation

Sulphate ion was generated electrolytically, by oxidation of thiocyanate at constant current.” All
solutions were seeded with solid barium sulphate, and in such systems the rate of precipitation is
identical to the rate of generation of sulphate.” In all experiments the current was such as to make
I = —4.17 x 1077 mole. litre~. sec™.
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Determination of M, the number of active sites

Turnbull® has shown that after nucleation has occurred, the effective growth area (the number of
active sites) of barium sulphate remains constant despite expansion of the total surface area. The
number of active sites was therefore assumed to be proportional to N, the total number of crystals,
with the proportionality constant incorporated into the rate constants k, and k,. Conventional
microscopic blood cell counting techniques were used to determine N.

A seed suspension was freshly prepared for each run by mixing equal volumes of 0.125F Ba(ClO,),
and Na,SO,. Different volumes of the suspension (3-75 ml) were taken, so that N varied from run
to run, but the size and shape of the seed crystals was constant. The number of seed crystals did not
change from the beginning to the end of a run, indicating that the seed crystals did not fracture or
aggregate.

Determination of A, the logarithmic distribution coefficient

The values required are the initial and final concentrations of lead and barium. The initial con-
centrations were determined by potentiometric EDTA titrations using the mercury indicator electrode.
Lead was titrated in an acidic solution, the pH was raised, and barium was titrated in thesamesolution.

Because the concentration of barium in the final solution was too small to be determined by the
above method, the final concentrations of lead and barium were determined by X-ray fluorescence,
using a Norelco apparatus equipped with a lithium fluoride crystal and a scintillation detector.
Aliquots of the final solution were precipitated with excess Na,SO, and deposited on a membrane
filter. The filter was supported in the X-ray beam, and the barium K, and lead L, lines were counted.
By the use of appropriate standards and background corrections, the ratio [Pb*+}/[Ba?*] in the final
solution was obtained. The ratio [Pb*+]/[Ba®] in the final precipitate was determined in the same
way. From these two concentration ratios and the initial concentrations, the final solution con-
centrations of lead and barium were calculated.

Procedure. Two hundred ml of a stock solution of barium and lead perchlorates were mixed
with the appropriate volume of seed suspension, the pH was adjusted to 1.0 with perchloric acid,
and the solution was diluted to 250 ml. Two hundred ml of this seeded solution were placed in a
beaker thermostatted at 25.0 + 0.1°, and electrolysed for approximately 3-5 hr, with vigorous stir-
ring. A portion of the original seeded solution was filtered and titrated for lead and barium, and
aliquots of the final solution and precipitate were taken immediately for X-ray fluorescence analysis.
An additional sample of the final solution was taken for microscopic counting, to determine N.

RESULTS AND DISCUSSION
The logarithmic distribution coefficient, 4, was measured in a series of experi-
ments in which the initial ratio [Pb?+]/[Ba®*] and the rate of precipitation per particle
were varied. Results of these experiments are presented in Table I. The precipitation

TABLE [.—LOGARITHMIC DISTRIBUTION COEFFICIENTS FOR COPRECIPITATION
OF LEAD WITH BARIUM SULPHATE®

N x 110‘a 10.8 801 472 350 25 16> 120 088 065 0.65 041
;g:; x 10* 476 484 49 1024 502 498 931 503 95.28 891 9.60
r}:ll:;aL 10° 431 463 477 280 492 485 280 495 152 271 274
mmall 0.018 0.031 0.058 0.071 0.085 0.102 0.158 0.188 0.224 0.264 0.331

& Rate of precipitation, d[Pb**]/dt + d[Ba®**]/dt — —4.17 < 10~" mole. litre"’. sec* in all
experiments.

rate per particle was varied over a 25-fold range, and the corresponding values of
varied over a 18-fold range.
Equation (7) may be rearranged to give
I/NQA — 1) = k4 — ky,

and the results of Table I, plotted as I/N(4 — 1) against A, should yield a straight line
of slope k, and intercept —k,;. Fig. 2 is such a plot. The experimental results
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appear to be adequately represented by the least squares straight line, supporting the
validity of equation (7). The initial ratio [Pb?+]/[Ba%*] does not appear to influence
A, within the accuracy of the experiments. The slope and intercept of the least
squares line lead to the values &k, = 2-0 X 1001 mole.sec™. particle™ and k, =
2-1 x 10~® mole. sec1. particle~™.

The ratio ky/k, is the equilibrium constant for the distribution reaction of equation
(1), and should therefore also be equal to D in equation (3). Because of the similarity

70

b o0
5] 3 S 3 S

I(A-1YN, mole sec" particle” x 10"

o

o 005 010 015 020 025 030 035

FiG. 2.—Variation of logarithmic distribution coefficient 4 with rate of precipitation I
and number of crystals N:

O [Pb*+]/[Ba®], initially approximately 1.0.
® [Pb**]/[Ba®], initially approximately 0.30.
® [Pb*t])/[Ba], initially approximately 0.15.

of size and charge, it is reasonable to assume that the activity coefficients of lead and
barium ion in the solution are approximately equal. Because only a small amount of
lead is incorporated into the barium sulphate crystals, and because lead and barium are
similar in charge and size, it may also be assumed that the lead forms an essentially
ideal solid solution in the barium sulphate crystals. With these assumptions, the
equilibrium constant for the distribution reaction should be approximately equal to
Ksp(BaSO,)/Ksp(PbSO,).
Thus if equation (7) is valid,

kyfke = Ky paso )/ Kepenso,)-

The literature value® for the ratio of solubility product constants is 0-007 and the
ratio k, [k, is 0-010, so that the two values agree, within the accuracy of the experiments.

It appears, therefore, that the observed value of the logarithmic distribution
coefficient depends upon both thermodynamic and kinetic factors, the form of the
dependence being that of equation (7). In the lead-barium sulphate system, the value
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of the distribution coefficient at zero rate of precipitation is given by the ratio of
solubility product constants. Other sulphate systems are now being studied, to
determine if equation (7) is generally applicable, and if the distribution coefficient at
zero precipitation rate may in general be predicted from values of the Kgp.

Acknowledgement—This work was supported by the National Science Foundation under G-22610.
Portions of this work were stimulated by discussions with Professor Louis Gordon.

Zusammenfassung—FEine Gleichung wurde abgeleitet, die den log-
arithmischen Verteilungskoeffizienten bei der Mitfillung als Funktion
der Fillungsgeschwindigkeit, der Anzahl der wachsenden Kiristalle
und zweier Geschwindigkeitskonstanten darstellt, daren Verhiltnis
der Verteilungskoeffizient bei der Fillungsgeschwindigkeit Null ist.
Im System Bleisulfat-Bariumsulfat beschreibt die Gleichung die
Abhiéngigkeit des Verteilungskoeffizienten von der Fillungsgesch-
windigkeit richtig. Der Verteilungskoeffizient bei Fillungsgesch-
windigkeit Null ist 0,010. Das stimmt gut mit dem aus den
Léslichkeitsprodukten vorausgesagten Wert iiberein.

Résumé—On a dérivé une équation qui représente le coefficient de
partage logarithmique dans la coprécipitation comme une fonction
de la vitesse de precipitation, du nombre de cristaux en développe-
ment, et de deux constantes de vitesse dont le rapport est le coefficient
de partage 4 la vitesse de précipitation nulle. Dans le systéme sulfate
de plomb-sulfate de baryum, I’équation dérivée décrit correctement
la dépendance entre le coefficient de partage et la vitesse de précipi-
tation. Le coefficient de partage a la vitesse de précipitation nulle
est 0,010 ce qui est en accord satisfaisant avec la valeur prévue i
partir des produits de solubilité.
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Summary—The Schiitze method for the direct determination of
oxygen in organic compounds has been modified by a number of
investigators. It has not always been clear whether a particular
modification offers any advantage. Several of these modifications
have, therefore, been examined in turn and compared. In the course
of this work the gases obtained by pyrolysis have been analysed in a
mass spectrometer. As a result of this examination it is recommended
that the organic oxygen-containing compound be pyrolysed over
platinised carbon heated at 900°, that both reduced copper and soda
asbestos be used to remove interfering gases, and that the determination
be completed gravimetrically after conversion of carbon monoxide to
carbon dioxide with Schiitze reagent at room temperature. Alternative
methods of determining carbon dioxide are discussed.

THE method for the direct determination of oxygen in organic compounds, based
on thermal decomposition in a stream of nitrogen and conversion of all the oxygen-
containing material to carbon monoxide by reaction with heated carbon, was described
by Schiitze in 1939.1:2 Since that time the method has been subjected to many modi-
fications and it is not apparent from the available literature which particular com-
bination of modifications is the most convenient and efficient.

The more important modifications are:

(i) The use® of platinised carbon at 900° instead of pure carbon at 1120°.
(ii) Methods for converting carbon monoxide to a suitable form for the final
measurement.

Some of the reagents which are used are Schiitze’s reagent® (iodine pent-
oxide and sulphuric acid on silica gel) at room temperature, heated iodine
pentoxide (measurement of the iodine?® or of the carbon dioxide liberated?),
heated copper oxide,® or heated mercury(Il) oxide.?

(iii) The method of final measurement.

Iodine is always determined by the amplification method (see p. 49), but
carbon dioxide is determined gravimetrically or titrimetrically.® In one
method both iodine and carbon dioxide are removed together in the same
absorption tube so that an improved gravimetric factor is obtained.®

A number of these modifications has been examined critically by the present
authors and from the experience gained it is possible to make definite recommenda-
tions. The general method is not, however, universally applicable, because many
uncertainties still remain, e.g., the effect of phosphorus, fluorine and metals. Our
studies of these problems will be described in a later communication.

* Present address: Department of Chemistry, Imperial College, London S.W.7, England.
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As often occurs with methods which undergo considerable modification whilst retaining the
original principle, e.g., the use of tricobalt tetroxide (Cos0,) in the determination of carbon and
hydrogen'® and the oxygen flask method,*! the original work is sometimes lost sight of and is ascribed
to later workers.

The basic procedure for the.direct determination of oxygen seems to have been fitst used by
Markert,’® a student of Hempel at Dresden Institute of Technology in 1904. All that the present
authors know of this method (for we havé not seen the thesis) is that the substance was pyrolysed
over carbon at “a high temperature” in a stream of nitrogen. The carbon monoxide was burnt to
carbon dioxide which was determined gravimetrically.

Apart from Boswell'® in 1914, who pyrolysed samples in hydrogen over carbon, combusted carbon
monoxide to carbon dioxide and then weighed the latter and the water separately, no similar work
appears to have been done until Schiitze described his method in 1939. Schiitze discovered the
method independently; this is not surprising because the Hempel-Markert studies were not published
in the literature.

Schiitze, who also used the method for determining oxygen in zinc oxide, used a temperature
of 1000°. He completed the method gravimetrically after oxidising carbon monoxide at room
temperature using the preparation now called the Schiitze reagent.

Sample weights of 20-50 mg were used in Schiitze’s method, and Zimmermann!* adapted it to
the micro scale (3-5 mg).

Unterzaucher* studied the method in detail and made several modifications, the most important
being the raising of the temperature to 1120° to ensure complete reaction. Unterzaucher also
replaced the Schiitze reagent by heated iodine pentoxide so that an amplified iodimetric titration
could be used. This particular modification became widely used, but in more recent times a return
has been made to the Schiitze reagent.

The most important later contribution was the discovery by Oita and Conway® that platinised
carbon heated to 900° was as effective as pure carbon at 1120°. In a comprehensive review of methods
for determination of oxygen, Elving and Ligett'* described an incomplete investigation of metal-
carbon packings, and this led Oita and Conway to make an intensive study of such materials. Oita
and Conway also emphasised the need for using reduced copper in addition to soda asbestos to
remove interfering gases.

Oliver® later simplified the Oita-Conway assembly and his modification is now generally used
wherever platinised carbon is preferred.

It was not possible for us to compare every modification, for this would have been
too time-consuming; hence, some selection had to be made. It was, however, a
simple matter to choose between pure carbon at 1120° and platinised carbon at 900°.
If both are equally efficient, then platinised carbon at 900° is to be preferred, because
it has the double advantage of extending the lives of the silica tube and of the furnace.

Extended tests with platinised carbon showed that this packing was highly effi-
cient; it was, therefore, used exclusively in all subsequent work.

The following methods of oxidising carbon monoxide and determining the reaction
products were examined :

(1) Schiitze reagent at room temperature; gravimetric determination of carbon
dioxide. ‘

(2) Anhydro-iodic acid at 118°; gravimetric determination of carbon dioxide.

(3) Schiitze reagent at 118°; iodimetric method.

(4) Anhydro-iodic acid at 118°; iodimetric method.

The products of decomposition from organic compounds pyrolysed at 1120°
yver pure carbon have been analysed by Maylott and Lewis,'” and by Dundy and
stehr,® but, so far as was known to us, similar information on the composition of the
rases at the lower temperature was not available. Hence, the effluent gases were
nalysed in a mass spectrometer.
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Comparison of Reagents for Oxidising Carbon Monoxide and for Completing
the Determination

In all the comparison tests the same procedure was used (see Experimental). To
avoid complications, compounds containing carbon, hydrogen, oxygen and nitrogen
only were examined. The effluent gases were passed through soda asbestos before
the oxidation of carbon monoxide. Sample weights of 3-5 mg were taken.

In the examination of anhydro-iodic acid at 118° (gravimetric method), sodium
thiosulphate crystals were packed after the anhydro-iodic acid to absorb the iodine
liberated.

The Schiitze reagent is not, of course, intended for use with the iodimetric ti-
tration; nevertheless, the comparison was made. It was necessary to heat to 118°
to volatilise the iodine.

Discussion of results

Only a few determinations were done using the Schiitze reagent and iodimetric
titration. The blank values were not constant. The results (Table I) tended to be
slightly higher than those obtained by other methods. The reagent deteriorated
rapidly when heated, and survived for only 5-8 determinations.

There is probably no significant difference in the efficiency of the other three
methods. The iodimetric method is slightly speedier than the gravimetric method,
and would undoubtedly have advantages when trace amounts of oxygen were deter-
mined because of amplification. Nevertheless, the gravimetric method using the
Schiitze reagent was preferred for the following reasons:

(a) The product measured (carbon dioxide) contains the element sought.

(b) The reagent is used at room temperature and eliminates the need Jor a further

heating device.

(c) Some samples of anhydro-iodic acid rapidly became inactive even though
prepared under what appear to be exactly the same conditions as samples which
are satisfactory. All the samples of Schiitze reagent were efficient.

The gravimetric method was used for measuring carbon dioxide because it was
the most convenient. Infrared methods appear to be insufficiently sensitive. Con-
ductimetric methods are more promising but the equipment is expensive.* Titration
methods based on absorption in barium hydroxide solution'® are too inaccurate.
The method of Blom and Edelhausen,!? in which the carbon dioxide is absorbed in
pyridine and titrated with sodium methoxide, appears promising and will be examined
critically at a later date.

Other methods of oxidising carbon monoxide, e.g., heated copper oxide or mer-
cury(Il) oxide, were not examined because they are less convenient to use then the
Schiitze reagent and are unlikely to offer any other advantages.

Composition of Gases Obtained by Pyrolysis over 50, Platinised Carbon
at 900°
The mass spectrometer used was not equipped with a double focussing device
and it was, therefore, impossible to differentiate between nitrogen and carbon

* H. Westhoff, OHG, Bochum, Bundesrepublik Deutschland, now sell a complete assembly for the
direct determination of oxygen, in which the final measurement of carbon dioxide is done by
their recording instrument. Excellent results are reported.
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monoxide. Hence, at this stage of the work, only qualitative analysis was attempted.
The results are given in Table II.

Taste 11
Type of compound’ Gases presente

C,HorC,H,O CO, H,, N, (from carrier gas), HCN®
C,H,N,0 CO, H,, N;, HCN

C,HOS CO, H,, N,, H,S, CS,, COS, HCN¢.
C,H,0,Ci CO, H,, N;, HCN, HCI

C, H O N,Br CO, Hg, Ny, HON¢

CHONI CO, H;, N, HCN®

« With some hydrocarbons, traces of methane were found (¢f. Table IV).

® Presumably HCN is produced from the nitrogen gas used as carrier, because it was found even
when compounds not containing nitrogen were pyrolysed.

¢ Bromine, iodine, and their acids were not detected. The exit end of the pyrolysis tube, however,
developed a reddish-brown colour, so that the free halogens are probably adsorbed on the cool
silica walls.

¢ When sulphur is present, H,S, CS; and (if oxygen is present) COS are always formed. These
products were still detectable when bromobenzoic acid was analysed 1 day later. Even after 3 days
of continuous sweeping with nitrogen, CS, was still detectable. Therefore, if compounds not contain-
ing sulphur are analysed after sulphur-containing compounds, it is still essential to retain the
absorbent for removing the sulphur-containing products of the pyrolysis.

* Sulphur appears mainly as H,S, but if there is a deficiency of hydrogen, more CS, is formed.

¥ When compounds containing both sulphur and halogen are pyrolysed, sulphur-halogen
compounds are not detected in the effluent gases.

When sulphonal was pyrolysed the effluent gases had the composition shown in
Table III, calculated on a nitrogen/carbon monoxide-free basis.

TasLe I1I.—COMPOSITION OF THE
EFFLUENT GASES FROM SULPHONAL

Gas 7 by volume
H, 91-5
st 4'3
HCN 22
COSs 1-8
CS, 02
CH; trace

Removal of Interfering Gases

The effluent gases were also analysed after passage through soda asbestos. The
results are summarised in Table IV.

TABLE 1V.—~COMPOSITION OF THE EFFLUENT GASES AFTER PASSAGE
THROUGH SODA ASBESTOS

Compound Gases unabsorbed Gases absorbed
Anthracene H, HCN
Sulphonal H,, CH,, CS, HCN, COS
2.4-Thiazolidinedione H., CH,,CS; HCN, H,S, COS
1-Chloro-2,4-dinitrobenzene H,, CS;s HCN, HCI

*C8; is from sulphur-containing compounds pyrolysed in previous
experiments,
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Soda asbestos absorbs hydrogen sulphide, hydrogen cyanide, carbonyl sulphide
and hydrogen chloride. Absorption of carbonyl sulphide leads to loss of oxygen and
it is best decomposed with heated copper as recommended by Oita and Conway
before the gases pass on to the soda asbestos; sulphur is removed and carbon mon-
oxide is produced. Copper also removes carbon disulphide, but hydrogen sulphide
still appears in the effluent gases probably as a result of the reaction

Cu,S + H, — H,S + 2Cu.

Because this is removed later by the soda asbestos, there is no interference.
It is thus essential to use both heated copper and soda asbestos to remove in-
terfering gases.

Effect of hydrogen and carbon disulphide on reagents

Hydrogen (500 ml) was passed through Schiitze reagent at room temperature and
at 118° and through anhydro-iodic acid at 118°. The results are reported in Table V.

TABLE V.—EFFECT OF HYDROGEN ON SCHUTZE REAGENT
AND ANHYDRO-IODIC ACID

Oxygen, mg
Todimetric Gravimetric
Schiitze reagent
Room temp. — 0-03
118° 1-04 .
Anhydro-iodic acid
118° 0-10 0-04

The effect of hydrogen is most pronounced with heated Schiitze reagent. Large
amounts of iodine are liberated and this must account for the large and variable
blanks reported earlier (p. 45). Neither gravimetric method is affected, as would be
expected. The blank is slightly higher with anhydro-todic acid iodimetrically, but
the amount would be insignificant in an actual determination. If 5 mg of a compound
containing 5%, of hydrogen were analysed, and if all the hydrogen were produced as
gaseous hydrogen, the amount of iodine liberated would be equivalent to less than
4 ug of oxygen.

The effect of carbon disulphide on Schiitze reagent was examined by volatilising
a weighed amount in a stream of nitrogen through the apparatus (Table VI). Carbon
disulphide reduced the Schiitze reagent and must be removed.

TABLE V1.—EFFECT OF
CARBON DISULPHIDE ON
SCHUTZE REAGENT

CS,, mg CO,, mg
40 4-6
20 2:4

20 2-8
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The Iodimetric Determination

The liberated iodine is determined, after absorption in sodium hydroxide solution,
by oxidising iodide to iodate with bromine-acetic acid, destroying the excess of
bromine with formic acid, then determining the iodate iodimetrically. A six-fold
amplification of the original iodine is thus obtained. This is a well-established pro-
cedure and was first used in micro-analysis for the determination of iodine?® and of
alkoxyl groups.2!,22

It is generally assumed that free iodine does not react with formic acid, but it has
been shown recently?? that the reaction is dependent on pH and time. Even at pH 1.6
there is a significant reaction in 30 min.

Because this may provide a source of error in the iodimetric determination, some
tests were done to find if formic acid reacted with iodine under the conditions of the
determination. No evidence was found of any such reaction. This is ascribed to the
fact that the excess of sodium hydroxide is neutralised before oxidation of iodide to
iodate, and that only a slight excess of formic acid is ever present, so long as the
bromine is destroyed carefully.

Fildes and Macdonald?? preferred to use phosphoric acid for neutralisation so that
the acetic acid-sodium acetate buffer need not be used. This reduced the electrolyte

TABLE VIL.—BLANK VALUES REPORTED AS PERCENTAGE OF OXYGEN ON A 4-mg SAMPLE

Error, % (absolute)

Conditions Oxygen, mg (4-mg sample; 209, of oxygen)

Gravimetric

Schiitze reagent (room temp.) 0-007-0-025 0-175-0-625

Anhydro-iodic acid (118°) 0-011-0-036 0-275-0-9500
lodimetric

Schiitze reagent (room temp.) 0-020-0-056 0:50-1'5

Anhydro-iodic acid (118°) 0-015-0-036 0-375-0-90

TABLE VIII.—BLANK VALUES REPORTED BY VARIOUS INVESTIGATORS
Sample
wt., Blank value,

Author Temp.* mg mg of oxygen Reagent
Unterzaucher* H 3-30 00 HI;0-iodimetric
Oita and Conway?® L 3-80 0-004-0-007 H1;0,-gravimetric
Campanile et ai.** H 5-50 0-020 [,0;-iodimetric
Maylott and Lewis'? H 3-30 >0-11 1,0,-iodimetric
Dundy and Stehr® H 3-30 0-007-0-036 1,0,-gravimetric
Hinkel and Raymond® H 15-30 0-02-0-026 1,0;-titrimetric
Zimmermann# H 5 0-036 Schiitze reagent

-gravimetric
Aluise et al.?” H 5-10 0-073 1,0,-iodimetric
Dinerstein and Klipp?® H 15-25 01 [;0;-iodimetric
Berret and Poirier?® H 10-20 0-018 Schiitze reagent
-gravimetric
Gouverneur et al.%® H 30-60 0-34 1,0;-iodimetric
100 0-07 1,04-gravimetric
Belcher, Davies and West L 3-5 0-007-0-025 Schiitze reagent

-gravimetric

* H = high temperature; L = low temperature.
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concentration by about one-half. Better starch end-points are then obtained because
electrolyte concentration affects the sensitivity. These observations were confirmed
and the Fildes-Macdonald procedure was used exclusively to obtain the results
reported in this paper.

Blank Values

Unterzaucher reported that zero blanks were obtained, but only one other in-
vestigator within our knowledge has had similar experiences. Our own blanks
varied over a narrow range, but were consistent over a period of several days. They
are similar to those obtained by many other investigators (see Table VIII). The
Schiitze reagent gave the best results and this is a further point in its favour.

The results obtained are reported in Table VII. Table VIII compares the blank
values obtained by various investigators.

EXPERIMENTAL
Reagents
Nitrogen. “White Spot” (British Oxygen Company Limited), containing less than 10 ppm of
oxygen.

Paraffin oil

Reduced copper in wire form. Prepared® from micro-analytical reagent grade wire-form copper(1I)
oxide which was treated with hot dilute acetic acid, filtered, washed thoroughly with distilled water,
dried, then heated for several hours in air at approximately 800°. The product obtained is carefully
reduced in a quartz tube heated at 250-300° by passing a slow stream of hydrogen over it.

Soda asbestos, micro-analytical reagent grade (14-22 mesh)
Anhydrone, micro-analytical reagent grade (14-22 mesh)
Platinum

Platinised carbon (509;). Obtainable from Johnson and Matthey Limited, or prepared according
to the method of Oliver.'®

Schiitze reagent. Obtained from Badische Anilin und Soda Fabrik A.G., Ludwigshafen, Bundes-
republik Deutschland (U.K. Agents: Kodak Co., Kirby, Liverpool). The preparation of the reagent
has been described.? There is no need to absorb the liberated iodine as in other gravimetric procedures,
because it is retained by the reagent and shows up as a zone of liberated iodine which grows slowly
in length during the life of the filling. The filling is usable until only a narrow band of the original
yellow material remains.

Apparatus (Fig. 1)

Nitrogen purification system. The last traces of oxygen are removed from the nitrogen by the
large surface area of the reduced wire-form copper heated at 550°.

Combustion tube filling. To clean the tube before use it was treated with 409 hydrofluoric acid.
This was done by filling the tube with the acid and allowing it to stand vertically for about 1 hr
followed by thorough washing with water. The tube filling (Fig. 2) consists of 8 cm of 507 platinised
carbon in two portions, 3 and 5 cm long, respectively, separated by a 1-cm layer of platinum gauze.
These layers were held in place by layers of quartz wool.

Oxidation tube filling. This tube contains materials (Fig. 3) separated by quartz wool plugs.
Todised cotton is made by soaking cotton wool in saturated potassium iodide solution and drying at
100°.

Operation of apparatus

When a newly assembled oxygen micro-determination apparatus is brought into operation, a
flow of nitrogen is passed through the reverse flushing device (J), into the combustion tube (H) so
that the nitrogen passes through the packed platinised carbon layer and out into the atmosphere
at the ground-joint end (K). The long heater (M) is then switched on and its temperature raised to
900°. After sweeping out the apparatus for 1-2 days, the empty portion of the combustion tube is
heated, starting from the platinised carbon end and going towards the ground-glass end, using the
movable burner to remove any foreign substances that may have possibly come from the platinised
carbon. The heating of the combustion tube is continued with nitrogen flowing in the forward
direction until low and constant blank values are obtained.
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F1G. 1.—Apparatus for gravimetric determination of oxygen in organic compounds:

A—Nitrogen cylinder

B—Pressure regulator, containing mercury

C—Flowmeter

D-—Quartz preheater tube (ea. 15 mm x 180
mm) containing pure copper

E—Bubble counter containing paraffin oil

F—Drying U-tube, containing soda asbestos
and anhydrone

G, I—Three-way stopcocks

H—Quartz combustion tube

J—Reverse flushing tube

K—Stopcock for admitting samples

B7
joint

L—Preheater furnace, adjusted to approxi-
mately 550°

M-—Long heater, adjusted to 900°

N-—Movable burner

O—Platinum sample boat (Fig. 2)

P—Glass-covered iron rod (Fig. 2)

Q—Magnet (Fig. 2)

R—Scavenging U-tube containing soda asbestos
and anhydrone

S—Oxidation tube

T—Micro-absorption tube

U—Guard tube
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FiG. 2.—Combustion tube filling:

a—quartz wool,
b—507; platinised carbon,
c—platinum gauze,

d—copper gauze (only used in the mass spectrometric studies).

Fi1G. 3.—Oxidation tube filling:
n, - - n,—quartz wool,
o—iodised cotton,
+—Schiitze reagent,
q—Anhydrone.
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Method of analysis

Adjust the main furnace (M) to a temperature of 900° and the nitrogen flow to 10 ml/min.
Connect the carbon dioxide absorption tube (T) to the oxidation tube (S) and also to the guard
tube (U) and Mariotte Bottle. Sweep out the apparatus for 10 min with the absorption tube attached.
Meanwhile, weigh a sample (3-5 mg) in a platinum boat on a micro balance. Remove the absorption
tube at the end of 10 min, wipe and weigh at the 15th min.

Set the three-way stopcocks (G) and (I) to allow the nitrogen to flow through the thick-walled
capillary into the combustion tube (H) and then through the opened stopcock (K) on the closing
tap. Remove the closing tap and introduce the sample boat 5 cm into the combustion tube with
a glass-covered iron rod in position behind it. Replace the closing tap and sweep out the combustion
tube for 5 min with an increased flow rate of 20 ml/min. Close stopcock (K), open the guard tap
and change the gas flow to the forward direction at a rate of 10 ml/min.

By means of the magnet and glass-covered iron rod “push” the sample boat to within 5 cm of
the furnace, and return the rod to the entrance of the tube. Start the pyrolysis with a low heat about
5 cm upstream from the sample. Move the heater towards the furnace at a slow rate of 2 cm/min.
When the sample is completely volatilised, increase the temperature of the heater to its maximum and
repeat the pyrolysis as follows: keep the heater around the sample for 5 min, then move it slowly
towards the furnace at the rate of 2 cm/min. When the furnace is reached, keep the heater stationary
for another 5 min; the pyrolysis is completed in 20 min.

Switch off the heater and sweep the combustion tube through for 30 min. In the meantime,
weigh another sample. Remove the absorption tube, wipe and weigh on the 15th min.

Determine blank values by introducing an empty boat and repeating the above procedure.

Calculate the percentage of oxygen as follows:

o
factor 2 — 0-3636)
( actor C02
3636(W, — W,)

% Oxygen = W,

where W, = weight of CO, from sample,
W, = weight of CO; from blank,
and W, = weight of sample.
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Zusammenfassung—Die Methode nach Schiitze zur direkten Sauer-
stoffbestimmung in organischen Verbindungen wurde von einigen
Autoren modifiziert. Es war nicht immer klar, ob eine bestimmte
Anderung iiberhaupt Vorteile bietet. Daher wurden mehrere von
diesen Anderungen von neuem gepriift und verglichen. Im Lauf
dieser Arbeit wurden die pyrolytisch erhaltenen Gase in einem Massen-
spektrometer analysiert. Auf Grund dieser Untersuchung wird
empfohlen, daB die sauerstoffhaltige organische Verbindung iiber auf
900°C erhitzter platinierter Kohle pyrolysiert wird, daB sowohl
reduziertes Kupfer als auch Natronasbest zur Entfernung storender
Gase eingesetzt werden und daB die Bestimmung gravimetrisch zu
Ende gefiihrt wird, nachdem Kohlenmonoxyd mit Schiitze-Reagens
bei Zimmertemperatur zu Kohlendioxyd umgesetzt ist. Andere
Methoden zur Bestimmung von Kohlendioxyd werden diskutiert.

Résumé—La méthode de Schiitze de dosage direct de ’oxygéne dans
les composés organiques a été modifiée par un certain nombre de
chercheurs. Les avantages offerts par une modification particuli¢re
n’ont pas toujours été montrés clairement. Plusieurs de ces modifica-
tions ont, par conséquent, été examinées successivement et comparées.
Au cours de ce travail, les gaz obtenus lors de la pyrolyse ont été
analysés au spectrométre de masse. En résultat & cette étude, on
recommande de pyrolyser le composé organique contenant de ’oxygéne
sur du carbone platiné chauffé 4 900°, d’utiliser a la fois le cuivre
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réduit et I'aminante sodée pour éliminer les gaz interférents, et de
terminer le dosage gravimétriquement, aprés conversion de I'oxyde
de carbone en gaz carbonique au moyen du réactif de Schiitze a
température ambiante. D’autres méthodes de dosage du gaz carbon-
ique sont discutées.
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EIN QUALITATIVER TRENNUNGSGANG FUR
URANSPALTPRODUKTE MITTLERER BIS
LANGER HALBWERTSZEIT MIT HILFE
DER RINGOFENMETHODE

H. WEisz und D. KLockow

Chemisches Laboratorium der Universitit Freiburg i. Brsg., Analytische Abteilung
Bundesrepublik, Deutschland

(Eingegangen am 30. Juli 1964. Angenommen am 15. August 1964)

Zusammenfassung—Es wird ein qualitativer Trennungsgang in einem
Tropfen fiir Uranspaltprodukte mittlerer bis langer Halbwertszeit
(Isotope des Cs, J, Sr, Ba, Zr, Nb, Ru, Y und der Seltenen Erden)
mit Hilfe der Ringofenmethode beschricben. Der Probetropfen.
welcher die Radionuklide und Submikrogrammengen der entsprecnen-
den inaktiven Triger enthilt, wird auf ein Rundfilter aufgetragen.
Durch eine Folge geeigneter Fillungs-, Umfillungs-, Demaskierungs-
und Auswaschschritte werden nacheinander einzelne Isotope bzw.
Isotopengruppen aus dem zentralen Tiipfelfleck selektiv herausgelost
und in verschiedenen Ringen konzentriert. Die Identifizierung der
Nuklide bzw. Nuklidgruppen erfolgt durch Autoradiographie der
cinzelnen Ringe. (Expositionszeit 20 h bei einer Aktivitdt von 50-100
pC je Radioisotop). Die bei den einzelnen Trennungsschriiten
erzielten Ausbeuten werden in tabellarischer Form dargestellt. Die
Interpretation der Autoradiogramme sowie die Anwendungsméglich-
keiten des Trennungsganges werden diskutiert.

Be1 der Bewertung der Strahlenbelastung des Menschen durch natiirlich und kiinstlich
radioaktive Isotope schlieBt die bloBe Gesamtaktivititsmessung zur Ueberwachung
von Luft-, Wasser-, Nahrungsmittel- und Bodenproben stets die Gefahr erheblicher
Fehlbeurteilung mit ein.! Dies riihrt daher, daB sich die einzelnen Radio-Isotope
eines Nuklidgemisches, wie es etwa bei einer Kernwaffenexplosion entsteht, in
ihrer Wirksamkeit auf den Organismus aus physikalischen (Art und Energie der
Strahlung, Halbwertszeit) und physiologischen Griinden (Aufnahme in den Korper,
Verweilzeit im Korper, Anreicherung in bestimmten Organen) erheblich vonein-
ander unterscheiden; deshalb sind fiir sie jeweils verschiedene, oft um einige Zehner-
potenzen voneinander abweichende Konzentrationen im menschlichen Korper, in
Atemluft oder Trinkwasser zuldssig.®® Aus diesem Grunde kdnnen_ eindeutige
Aussagen iiber die Bedenklichkeit oder Unbedenklichkeit einer vorliegenden radio-
aktiven Probe erst dann gemacht werden, wenn durch chemische Trennverfahren
und physikalische MeBmethoden festgestellt worden ist, welche Radio-
nuklide vorliegen und welchen Anteil jedes Nuklid zur Gesamtaktivitit der Probe
beitrigt.

Radiochemische Methoden zur Isolierung und Bestimmung einzelner, zur Strah-
lenbelastung des Menschen beitragender Radionuklide sind in der Literatur fiir die
verschiedenartigsten Materialien in gréBerer Zahl beschrieben.! Weiterhin gibt es

55
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eine Reihe von Vorschriften zur systematischen Auftrennung von Spaltprodukt-
gemischen. Bei einigen?—®* dieser Verfahren wird im Makro- oder HalbmikromaBstab
mit konventionellen Fillungs- und Filtrationsschritten, mit Ionenaustauschern und
Extraktionsmethoden gearbeitet, bei anderen im Mikrobereich papierchromato-
graphisch®® oder papierelektrophoretisch!! getrennt. Die praktische Anwendung
solcher Trennvorschriften erfordert meist einen betrichtlichen Zeit- und Arbeits-
aufwand, da vielfach die in geringer Konzentration vorliegenden Radionuklide aus
einem gewaltigen Ueberschufl inaktiven Materials angereichert werden miissen,
und da man im aligemeinen Wert auf groBtmdogliche radiochemische Reinheit der
abgetrennten Nuklide legt. Ein mit geringen Probemengen durchfiihrbarer Tren-
nungsgang, der nur einen Gualitativen Ueberblick tiber die in einer Probe anwesenden
Radio-Isotope bzw. Isotopengruppen sowie eine grobe Abschidtzung der entspre-
chenden Aktivititsanteile ermoglichen soll, kann jedoch aus einer Folge einfacher
und relativ schnell auszufiihrender Operationen aufgebaut sein. Ein solcher Gang,
der die mit Submikrogrammengen Trédger verdiinnten Radio-Isotope des Cisium,
Jod, Strontium, Barium, Zirkon, Niob, Ruthenium, Yttrium und der Seltenen
Erden beriicksichtigt, wird in der vorliegenden Arbeit beschrieben. Die einzelnen
Trennungsschritte werden mit Hilfe der Ringofenmethode!? durchgefiihrt, die
Nachweise der in sehr geringer Aktivitit vorliegenden Radionuklide erfolgen
autoradiographisch.13,14

Erlduterungen zum Trennschema

Der Trennungsgang ist so aufgebaut, daB aus einem zentralen Tiipfelfleck, der

alle interessierenden Radionuklide zusammen mit Submikrogrammengen der ent-
sprechenden Triger in gefillter bzw. loslicher Form enthilt, einzelne Ionen oder
Ionengruppen mit geeigneten Waschfliissigkeiten nacheinander selektiv herausgelost
und in Ringen von 22 mm Durchmesser konzentriert werden. Dabei finden iibliche
Fillungs- und Filtrationsschritte Anwendung, die den Gegebenheiten der Ringo-
fenmethode angepaBt wurden. Trennungsschritt I erfolgt auf dem gleichen Rund-
filter, auf dem sich der urspriingliche Tiipfelfleck befindet. AnschlieBend wird ein
Filterscheibchen von 17 mm Durchmesser mit diesem Tiipfelfieck (Durchmesser
~12 mm) im Zentrum ausgeschnitten und bei allen folgenden Trennoperationen auf
jeweils neue Rundfilter aufgepreBt. Es findet hier also stets eine Uebertragung von
einem Filterscheibchen in ein darunterliegendes Rundfilter statt. Zwischen die
einzelnen Trennstufen (I-VI) sind zur Entfernung storender Salze Auswaschschritte
(I/T1I-V/VI) geschaltet.

Herstellung der Ausgangslosungen und MeBtechnik

Die Radio-Isotope 31J, 137Cs/137=Ba, *°Sr/*Y, **Zr/*Nb, *'Y, 144Ce/***Pr, 1**Ba/**La und **Ru/
sR h standen in Form trigerfreier Losungen oder als Losungen mit zu vernachlissigenden Trigermen-
gen fiir die Ausarbeitung des Trennungsganges zur Verfiigung. Die Losung eines Gemisches verschie-
dener Tellurisotope (1#*mTe, 1#*mTe, 121mTe, 123mTe, 127mTe) mit 25 mg Te/ml als Tréger diente nach
Verdiinnung auf das 20 fache fiir orientierende Versuche iiber das Verhalten von Tellur im Tren-
nungsgang.

Eine etwa 2 n salzsaure, oxalsiurehaltige Trigerlosung, welche die isotopen Triger der eben
genannten Radionuklide in Konzentrationen von je 0,2 mg/ml enthielt, wurde folgendermaBen
bereitet:

12,08 mg Pr,0,, wurden in einigen Tropfen 25 %iger Salzséure heiB gelost. Nach Eindampfen
bis zur Trockene (Verfliichtigung des gebildeten Chlors) wurde der Riickstand mit 11,5 ml 25 Jgiger
Salzsdure aufgenommen und zu einer wiBrigen Losung (einige ml) von 12,66 mg CsCl; 24,15 mg
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TRENNSCHEMA

Rundfilter: 2 Tr. (NH,),SO,/Na,SOs-Lsg. (1) + 1 Tr. Probelsg. + 1 Tr. (NH,),SO,/Na,80,-Lsg. Ueber
NH, riauchern; H,S-Druckfillung. Filter iiber NH; rduchern, auf dem Ringofen mit 4thanol., ammoniak.
(NH,);SO,-Lsg. (2) waschen. Scheibchen von 17 mm Durchmesser ausschneiden.

Trennungs- bzw. |
Auswaschschritt  Ring <———————> Filterscheibchen

1 GCs,J Sr, Ba, La, Ce, Pr, Y, Zr, Nb, Ru, Rh, (Te)
Baden in sal- Auf neuem Rundfilter mit 50 %;-igem Aethanol waschen
petersaurer
AgNOy-Lsg. (13)
M
Ia J
11 <

A
3-4 Tr. Ba**-Lsg. (4). Ueber NH; rauchern. Auf neuem
Rundfilter mit NaCl-Lsg. (5) waschen.

Y
I Sr Ba, La, Ce, Pr, Y, Zr, Nb, Ru, Rh, (Te)
Auf neuem Rundfilter mit NH-Lsg. (6) waschen

N ‘

/1 (Te) Auf neuem Rundfilter mit dthanol., essigsaurer NH,F-Lsg.
(7) waschen

' |

111 Zr, Nb Ba, La, Ce, Pr, Y, Ru, Rh
Auf neuem Rundfilter mit dthanol. (NH,),SO,-Lsg. (8)
waschen
v < !

A\
3-4 Tr. salpetersaure, (NH,),SO,-haltige H;BO,-Lsg. (9).
H,S-Druckféllung. Auf neuem Rundfilter zweimal mit
dthanol., salzsaurer (NH,),SO,-Lsg. (10) waschen

v v
v Ce, Pr, Y, (La) Ba, (La), Ru, Rh
Auf neuem Rundfilter mit NH;-Lsg. (6) waschen

IV/V <
Auf neuem Rundfilter mit ADTA/Na,COs-Lsg. (11)
waschen
l
v Ba, (La) Ru, Rh
Auf neuem Rundfilter mit NHj-Lsg. (6) waschen
V/VI < ir
Zweimal 3-4 Tr. Perhydrol (12); iiber NH, rduchern. Auf
neuem Rundfilter mit NH,-Lsg. (6) waschen. Operation
wiederholen
| |
¥ Y

Vi Ru, Rh
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Sr(NOy),; 17,80 mg BaCl, - 2H,0; 31,18 mg La(NO,), - 6H;0; 26,58 mg CeCl, * TH,0; 34,18 mg
YCl, - 6H,0; 20,55 mg RuCl; und 27,05 mg RhCl; - xH,O (37%; Rh) gegeben (Losung A). 125 mg
Oxalsdure wurden in ca. 10 ml Wasser gelost und mit 1,5 ml einer dthanolischen NbCl,-Lésung
(6,6 mg Nb/ml) versetzt (Losung B). Nach Zugabe von 35,35 mg ZrOCl, - 8H,0 und 34,12 mg
K,TeO, - 3H,0 zu Losung A wurde diese mit Losung B vereinigt, in einen 50 ml-MeBkolben filtriert
und mit Wasser bis zur Marke verdiinnt. Da Jodidionen in saurem Medium leicht zu fliichtigem
Jod oxydiert werden, erfolgte die Zugabe von 13,10 mg KJ zur Trégerlosung erst ganz zum SchluB
(nach dem Auffiillen). Aus dem gleichen Grunde muBten alle Versuche mit !31J unmittelbar nach
Ansetzen der Ausgangsldsungen durchgefiithrt werden. Die Trigerldsung ist (von J- abgeschen)
etwa 14 Tage ohne wesentliche Veranderungen haltbar.

Die Ueberpriifung des Trennungsganges erfolgte mit Losungen, die jeweils ein bestimmtes
Radionuklid und alle inaktiven Trigerionen in Konzentrationen von je 0,1 mg/ml enthielten. Dazu
wurden emige Zehntel mt Trigerlosung mit dem gleichen Volumen Radionuklididsung + Wasser
verdiinnt, und zwar in solchem Verhiltnis, daB 1 Tropfen der resultierenden Mischung, auf einem
Filterpapier unter einem dinnwandigen Endfensterzihirohr (FHZ 15a, 1,17 mg/cm?®) gemessen
(Abstand vom Zghlrohr ca. 2 cm) eine Impulsrate von 100-300I/min - ul ergab. (Das sind bei
etwa 6 ul TropfengroBe und 10 min Zihldauer Impuilszahlen von 6000-18000). Die Messungen
erfolgten mit Hilfe des Strahlungsmefigerites FH 49 der Firma Frieseke & Hoepfner GmbH.,
Erlangen-Bruck, und der dazugehorigen Universal-Bleikammer FH 447. Fiir jedes der erwihnten
Radionuklide wurde bei jedem Trennungs- und Auswaschschritt unter Beriicksichtigung eines
entsprechenden Geometriefaktors die Aktivitdtsverteilung zwischen zentralem Tiipfelfleck (Filter-
scheibchen) und Ringzone bestimmt. Aus diesen Einzelresultaten konnte dann nach Durchfithrung
des Ganges ermittelt werden, wie sich das betreffende Radio-Isotop auf die Ringe I, Ia, I/IL 11 . . . V/VI
und VI verteilt, und mit welchen Ausbeuten es von den anderen Nukliden abzutrennen ist. Die
erhaltenen Ergebnisse sind (in Prozenten) in Tab. 1 aufgefiihrt.

Im Verlauf des Trennungsganges treten bei den Systemen !#Ba/'%La und ®Sr/**Y partielle
Mutter-Tochter-Trennungen auf. In diesen Fillen konnten daher die Ausbeutebestimmungen erst
nach Wiedereinstellung des radioaktiven Gleichgewichtes, d.h. ca. 12 Tage (~7 Halbwertszeiten von
140 a) bzw. 19 Tage (~7 Halbwertszeiten von *Y) nach der Auftrennung erfolgen.

Die in Tab. 1 aufgefiihrten Prozentangaben sind Mittelwerte aus zwei, drei oder auch vier Ver-
suchen und aus diesem Grunde statistisch relativ un sicher. Sie konnen von Fall zu Fall starken
Schwankungen unterliegen und sagen nur soviel aus, dai z.B. '¥.J und !¥’Cs praktisch quantitativ in
den Ring I wandern, dall *Sr etwa zur Hilfte in den Ring Il gelangt, wihrend ein betrichtlicher
Teil dieses Isotops bei den Seltenen Erden (Ring 1V) wiedergefunden wird, oder dafl *'Y und *Ce
zu 80-90%; in den Ring 1V gewaschen werden. Diese Angaben gelten selbstverstindlich nur fiir die

Trigerkonzentrationen von je 0,1 mg/ml und die verwendeten Probetropfenvolumina von etwa 6 ul.

Gerdite und Filtermaterial

Die Trennungen erfolgten auf einem Ringofen iiblicher Bauart mit 22 mm-Bohrung.!* Eine
selbstfiillende Kapillarpipette mit e¢inem Volumen von ca. 6 ul diente zum Auftragen von Probe-
und Reagenstropfen, eine Kapillare mit etwa 40 ul Fassungsvermogen zum Waschen. Um bei den
einzelnen Trennungs- und Auswaschschritten Substanzen aus dem Filterscheibchen moglichst
gleichmiBig in das darunter liegende Rundfilter Gibertragen zu konnen, muBte das Scheibchen—
besonders dessen Rand—in guten Kontakt mit dem Rundfilter gebracht werden. Dies geschah in
der in Abb. 1 gezeigten Weise. Der auf das untere Ende des Filhrungsrohres fiir die Auswaschkapit-
lare aufgeschobene, glockenférmige Ansatz, mit dem das Filterscheibchen leicht angedriickt wurde,
besteht aus einem Gummistopfen und dem abgesprengten oberen Ende eines passenden Reagens-

ases.
g Die verwendeten Rundfilter der Firma Macherey, Nagel u. Co., Diiren (Nr. 2260; 5,5 cm
Durchmesser) wurden ver Gebrauch in der von West, Llacer und Cimerman®® beschriebenen Weise
durch Waschen mit 109iger Essigsdure noch besonders gereinigt und anschlieBend im Trocken-
schrank bei 100°C getrocknet.

Zu Beginn des Trennungsganges werden Ruthenium und Rhodium (auch Tellur) mit Schwefel-
wasserstoff im zentralen Tipfelfleck gefillt. Versuche mit °*Ru/***Rh zeigten, da8 eine quantitative
Abscheidung der Piatinmetalle in Form eines Sulfidniederschlages, der gegen die bei den folgenden
Trennoperationen verwendeteten Waschfliissigkeiten einigermaBen resistent ist, nur durch eine 13-
stiindige Druckfiliung bei 100°C erreicht werden konnte. Die Druckfiliungen erfoigten in einem
200 mi-Autoklaven aus Duranglas (Schott u. Gen., Mainz), der zur besseren Handhabung in einem
Korkring stand (s. Abb. 2). Da der Innendurchmesser des zylindrischen Autoklaven 50 mm betrigt,
konnte jeweils ein schmaler Rand des Runfilters, das im Zentrum den Tiipfelfleck trug, zusammen
mit dem Dichtungsring zwischen den Planflanschen festgeklemmt werden.
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Reagens- und Waschldsungen

(1) (NH,):SO,/Na,SO,-Losung, die 1%ig in Bezug auf SO,*~ und 0,5 %ig in Bezug auf SO,*~ 1st.
2) g(())"/g éi;hanolische (NH,),SO-Ldsung, die 5% Ammoniak enthélt und 0,05%ig in Bezug auf
2 ist.
(3) 50%;iges Aethanol.
(4) BaCl,-Losung; 0,1°%ig in Bezug auf Ba**,
(5) 0,5 %ige NaCl-Losung.
(6) 5%ige Ammoniaklsung.
(7) Mischung aus 47,5 ml einer 50%; dthanolischen NH,F-Losung, die 0,5 %ig in Bezug auf F- ist,
und 2,5 ml Eisessig,
(8) 509 dthanolische (NH,),S0,-Losung, die 0,2 %ig in Bezug auf SO, ist.
(9 Gemisch aus 1 Raumteil gesittigter Borsdureldsung und 1 Raumteil 2n Salpetersdure. Die
Mischung enthilt 17, SO~ als (NH,),SO,.
(10) Mischung aus 49 ml einer 507, dthanolischen (NH,),SO,-L6sung, die 0,2%ig in Bezug auf
S0,*~ ist, und 1 ml 2594 iger Salzsdure.
(11) Na,CO,-haltige ADTA-Ldsung mit 0,55 Na,CO, und 0,5%; ADTA.
(12) 30%iges Wasserstoffperoxid (Perhydrol).
(13) 1n saltpetersaure 1%ige AgNOy-LOsung.
(14) Konz. Ammoniaklsung (zum Riuchern).

Fiithrungsrohr fur
Auswaschkapillare

Dichtungsring

Gummistopfen

Rundfilter

Rundfilter

\\ DA URARUARARANRNAN AU URNA RN

Korkring H,S - Wosser
\
a\
Heizblock des
Ringofens / .
!/ \\
Beschwerungsring i %
Asp. 1.—Auswaschen aus einem Filterscheibchen Ass. 2.—Druckfillung im Glasautoklaven.

in ein darunterliegendes Rundfilter.

Durchfiihrung des Trennungsganges

Salzsaure Probeldsung: “'J; '9'Csf'*"mBa; ®Sr/™Y; **Zr/*Nb; 1Cef'“Pr; °'Y; '*Baf'®’La;
18R y/ %R h; (Te-Isotope); je 0,1 mg/ml der enisprechenden Triger und 1,25 mg (COOH), - 2H,O/ml.

Axf einen trockenen Tiipfelfleck aus 2 Tropfen (NH,);SO,/Na,SO;-Losung (1), der sich in der
Mitte eines Rundfilters befindet, tragt man 1 Tropfen Probelosung auf. Man rduchert iiber konz.
Ammoniak, trocknet, tiipfelt mit 1 weiteren Tropfen (NH,).SO,/Na,SO;-Losung nach, rauchert
nochmals iiber konz. Ammoniak und trocknet wieder.

Inzwischen hat man in den unteren Teil des Glasautoklaven, in dem sich ca. 20 ml Wasser
befinden, 5-10 min lang H.S eingeleitet. Man legt das Rundfilter iiber die Offnung des zylindrischen
GefiBes (s. Abb. 2), bringt dariiber den zur Abdichtung erforderlichen Gummiring in die richtige
Position und setzt schoell den oberen Teil des Autoklaven auf, nachdem auch aus diesem durch
Einblasen von H,$ die Luft verdriangt worden ist. (Es konnen 2-3 Rundfilter gleichzeitig eingespannt
werden). Mit Hilfe der Doppelschellenverbindung preBt man beide Halften des Glasautoklaven
zusammen und stellt diesen fiir 13 Stunden in einen auf 100°C aufgeheizten Trockenschrank.

Nach Beendigung der Druckfillung liegen im zentralen Tiipfelfleck Sr und Ba als Sulfate, die
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Seltenen Erden, Zr und Nb als Hydroxide bzw. Oxidhydrate, Ru und Rh als Sulfide (Te in elementarer
Form), Cs und J jedoch als 16sliche Salze vor.

Trennungsschritt 1: Der noch heie Autoklav (50-60°C) wird vorsichtig gedffnet. Man rduchert
das Rundfilter kurz iiber konz. Ammoniak, zentriert es dann auf dem heissen Ringofen und wischt
die l8slichen Anteile, darunter auch praktisch alles Cs und J, mit ca. 150 ul (4 Pipettenfiillungen)
einer dthanolischen, ammoniakalischen (NH,),SO,-Losung (2) aus dem zentralen Tiipfelfleck in die
Ringzone. Der Waschfliissigkeit werden Aethanol und (NH,),SO, zugesetzt, um die Loslichkeit
der Erdalkalisulfate, besonders die des SrSO,, zu verringern. Das (NH,);SO, hat noch eine weitere
Funktion: Cs kann nur dann nahezu vollstindig aus dem Tiipfelfleck ausgewaschen werden, wenn
die Waschfliissigkeit elektrolythaltig ist.

Trennungsschritt Ia: Aus dem Zentrum des getrockneten Rundfilters wird nun ein Scheibchen
von 17 mm Durchmesser, mit dem Tiipfelfleck in der Mitte, ausgeschnitten. Nachdem man auf
dem restlichen Filter (Ring I) die Summe der Aktivititen von **’Cs und '*J bestimmt hat, badet
man es 15-20 sec in einer salpetersauren AgNO;-Losung (13), spiilt es dann mit dest. Wasser und
trocknet es. Ring Ia enthilt jetzt nur noch die Jodaktivitit,

Auswaschschritt I/II: Das Filterscheibchen, das noch alle Nuklide auBier *’Cs und '#'J enthilt,
wird auf dem Ringofen mit Hilfe der in Abb. 1 gezeigten Vorrichtung vorsichtig auf die Mitte eines
neuen Rundfilters gepreBt. Man wischt das im Scheibchen vorhandene (NH,);SO, mit 200-250 ul
(5-6 Pipettenfiillungen) 50 7igen Aethanols in die Ringzone.

Trennungsschritt 11: Alle Versuche zur Trennung von Sr und Ba, die in Submikrogrammengen
auf Filterpapier als Sulfate vorliegen, verliefen wenig befriedigend, zumal noch besondere Riicksicht
auf Seltene Erden, Zr und Nb genommen werden muBte. (ADTA kann hier z.B. nicht angewendet
werden). Eine wenigstens fiir qualitative Zwecke ausreichende Trennung kann durch eine Verdrén-
gungsreaktion erreicht werden: Da BaSO, erheblich schwerer 16slich ist als SrSO;, und da nur die
radioaktiven Isotope von Interesse sind, kann man Sr*+ aus dem Sulfatniederschlag durch inaktive
Ba®**-Ionen verdringen. Hierzu werden auf das nach dem Auswaschschritt I/II getrocknete Filter-
scheibchen 3—4 Tropfen einer BaCl;-Lsung (4) aufgetragen, so daB es vollig von der Reagenslosung
durchfeuchtet ist. Man trocknet das Scheibchen, rduchert es iiber konz. Ammoniak, driickt es
gegen ein neues, speziell vorbehandeltes Rundfilter (s. unten) und wischt mit ca. 150 u1 (4 Pipetten-
fiilllungen) 0,5 %iger NaCl-Losung. Etwa die Hilfte des Radiostrontiums gelangt hierbei in den
Ring II, auBerdem ein merklicher Teil des '*°Ba (vermutlich zum Teil durch Isotopenaustausch).
Das bei diesem Trennungsschritt verwendete Rundfilter wird vor Gebrauch kapillar mit Wasser
gewaschen,!® getrocknet, liber konz. Ammoniak gerduchert und nochmals einige Minuten in einen
100°C heiBen Trockenschrank gelegt. Hierdurch wird die Essigsdure, die von der bereits geschilderten,
anfénglichen Reinigungsoperation her noch im Filter vorhanden ist, entfernt bzw. neutralisiert.
Mit dieser speziellen Vorbehandlung des Rundfilters wird vermieden, daB beim Waschen mit der
NaCl-Lésung die Hydroxide bzw. Oxidhydrate der Seltenen Erden, des Zr und des Nb angegriffen
werden.

Auswaschschritt HIII: Aus dem getrockneten Filterscheibchen wird auf einem neuen Rundfilter
alles NaCl mit etwa 150 ul (4 Pipettenfiillungen) 59 iger Ammoniaklosung ausgewaschen. Wie
autoradiographische Versuche zeigten, wandert hierbei die Hauptmenge des Te in die Ringzone.

Trennungsschritt III: Man preBt das trockene Filterscheibchen gegen ein neues Rundfilter und
wischt mit ca. 250 ul (6 Pipettenfiillungen) einer 4thanolischen, essigsauren NH,F-Losung (7)
etwa 809, des Zr/Nb-Paares in Form komplexer Fluoride in den Ring. Die Seltenen Erden werden
hierbei in schwerlosliche Fluoride iiberfiihrt.

Auswaschschritt IHI[IV: Auf einem neuen Rundfilter wird mit 150-250 ul (46 Pipettenfiillungen)
thanolischer (NH,),SO,-Ldsung (8) alles NH,F aus dem getrockneten Filterscheibchen ausgewaschen.

Trennungsschritt IV: Die Fluoride der Seltenen Erden werden durch Demaskierung mit Borsdure
in stark salpetersaurem Medium in Losung gebracht.'®* Dazu wird das trockene Filterscheibchen
mit 3-4 Tropfen der sulfathaltigen Borsidure-Salpetersiure-Mischung (9) durchfeuchtet und 3-4 min
in einen 100°C heiBen Trockenschrank gelegt. Da die Sulfide der Platinmetalle durch die Salpeter-
sdure-teilweise oxydiert werden, muB man anschlieSend nochmals eine 1§ stiindige H,S-Druckfillung
bei 100°C in der eingangs beschriecbenen Weise durchfiihren. Hierbei wird das Filterscheibchen auf
ein Rundfilter gelegt und dieses zwischen die zwei Hilften des Druckgefies eingeklemmt.

Nach der Druckfillung preBt man das Filterscheibchen auf dem Ringofen gegen ein neues
Rundfilter und wischt mit etwa 250 ul (6 Pipettenfiillungen) einer &thanolischen, salzsauren
(NH,),SO, Losung (10). Dieser Auswaschvorgang wird wiederholt, indem man das Filterscheibchen
vorsichtig vom Rundfilter abhebt, kurz trocknet, wieder behutsam gegen das Rundfilter driickt
(dieses darf sich dabei nicht verschieben) und nochmals mit 250 ul der gleichen Fliissigkeit wischt.
Erst durch die Wiederholung der Waschoperation wird erreicht, da8 80-90%; des Ce und des Y in
den Ring IV wandern. Die **°La-Tochteraktivitit des *°Ba gelangt nur in miBiger Ausbeute in
diesen Ring, der neben den Seltenen Erden noch einen merklichen Anteil des Radiostrontiums
enthélt. Beim Trennungsschritt IV muB darauf geachtet werden, daB die in der Waschfliissigkeit
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enthaltene Salzsdure das Filterpapier in der heillen Ringzone nicht so stark angreift, daB es einreilt.
Autoradiogramme des Ringes 1V (s. Abb. 3) zeigen, daB dieser etwas unscharf ist und Ausbuchtungen,
aufweist. Die Ursachen hierfiir sind in den zwei aufeinanderfolgenden Auswasch-operationen und
den im Ring konzentrierten, relativ groen Salzmengen zu suchen.

Die Freisetzung der Seltenen Erden aus ihren Fluoridniederschligen kann auch mit Be*+-lonen
erfolgen.

Aguswaschschritt IvlV: Auf einem neuen Rundfilter wird aus dem getrockneten Filterscheibchen
das (NH,),SO, mit 150 ! (4 Pipettenfiillungen) 5 Siger Ammoniakldsung ausgewaschen.

Trennungsschritt ¥: Die Abtrennung der Hauptaktivitit des Ba von den noch auf dem Filter-
scheibchen fixierten radioaktiven Platinmetallen wird mit ADTA in alkalischem Medium durch-
gefiihrt. Hierzu driickt man das getrocknete Scheibchen auf dem heiBien Ringofen gegen ein neues
Rundfilter und wiischt mit ca. 150 u1 (4 Pipettenfiillungen) einer Na,COg-haltigen ]&DTA—Lﬁsung 1).

Auswaschschritt ViVI: Auf einem neuen Rundfilter werden restliches ADTA und Na,CO, mit
etwa 150 pl (4 Pipettenfiillungen) 5%iger Ammoniaklosung aus dem getrockneten Filterscheibchen
ausgewaschen.

Trennungsschritt VI: Das Filterscheibchen enthdlt jetzt nur noch das Mutter-Tochter-System
18Ry /1Rh. Zum Zwecke der Autoradiographie miissen die Platinmetalle, die als Sulfide vorliegen,
in einem Ring konzentriert werden. Dies geschieht nach Oxydation der Sulfide mit H,O, in am-
moniakalischem Medium. Man durchfeuchtet das getrocknete Filterscheibchen mit 3—4 Tropfen
Perhydrol (12), rauchert 30 sec liber konz. Ammoniak, trocknet im Trockenschrank und wiederholt
die Operation. AnschlieBend preBt man das Scheibchen auf ein neues Rundfilter und wischt mit ca.
150 pl (4 Pipettenfilliungen) 5 %iger Ammoniaklésung. Man IdBt das Rundfilter auf dem Ringofen
liegen, hebt das Filterscheibchen vorsichtig ab, trocknet es und wiederholt den ganzen Oxydations-
vorgang mit Perhydrol und konz. Ammoniak. Danach wird das Scheibchen wieder gegen das
Rundfilter gedriickt und nochmals mit etwa 150 ul 5 9jiger Ammoniaklsung ausgewaschen. Etwa
% der Gesamt-Ru-Aktivitit befinden sich im Ring.

Bei den geschilderten Operationen mug darauf Riicksicht genommen werden, daB das Filter-
scheibchen durch Perhydrol stark angegriffen wird.

Ring VI liefert ebenso wie Ring IV relativ diffuse Autoradiogramme (s. Abb. 3).

Autoradiographie

Der besondere Vorteil der Ringofenmethode bei der Anwendung auf radiochemische Probleme
liegt darin, daB durch Kombination mit der Autoradiographie radioaktive Substanzen noch in
sehr geringer Aktitivit (pC-nC-Bereich)!*'” nachgewiesen werden kdnnen. Der erhdhte Zeitbedarf
gegeniiber instrumentellen MeBmethoden wird durch die einfache Arbeitstechnik und den duBerst
geringen Materialaufwand wieder ausgeglichen,

Es lag nahe, das autoradiographische Nachweisverfahren auch auf den eben beschriebenen
Trennungsgang anzuwenden. Der Gang wurde zu diesem Zweck mit Probelosungen durchgefiihrt,
die wiederum alle inaktiven Jonen in Konzentrationen von je 0,1 mg/ml enthielten, jedoch wesentlich
geringere Aktivititen pro Volumeinheit (10-20 mal weniger) aufwiesen als die zur Ueberpriifung
der einzelnen Trennschritte verwendeten Losungen. Mit Ausnahme der ''Ba/'4"La-16sung (~5
I/min - ul) ergaben alle Proben unter einem FHZ 13a (s. unter “MeBtechnik”) Impulsraten von je
10-15 Ijmin - gl pro Isotop. Auch die untersuchten Nuklidgemische enthielten jedes Radioisotop
in dieser Aktivititskonzentration. Mit jeder der hergestellten Probelosungen wurden alle Stufen
des Trennungsganges durchgefiihrt, die Filter mit den Ringen Ia, I, I/IL...V/VI, VI in dieser
Reihenfolge nebeneinander auf Rontgenfilmstreifen (Adox-Doneo) gelegt und beschwert. (Die
Rontgenfilme befanden sich dabei in Schutztaschen aus schwarzer Plastikfolie mit einem Fléchenge-
wicht von etwa 6,6 mg/cm?). Die Auswaschringe I/II, II/III us.w. haben fiir den Nachweis der
einzelnen Radionuklide keine Bedeutung und wurden hier nur zu Kontrollzwecken mit aufgelegt.
Nach 20 h Exposition in einer Tiefkiihltruhe!? (fiir °Ba/!°La betrug die Expositionszeit unmittelbar
nach Beendigung des Trennungsganges 70 h und 12 Tage spiter 122 h) wurden die Filme entwicklt.
Sie zeigten dann an einigen Stellen, welche ganz bestimmten Trennungs- bzw. Auswaschschritien
entsprachenden, die von den jeweiligen Nukliden herriihrenden schwarzen Ringe.

In Abb. 3 ist eine Auswahl der so erhaltenen Autoradiogramme in tabellarischer
Form zusammengestellt. Das Nuklidgemisch MT26 enthielt 3Cs/137™Ba, %8r/*Y,
95Zr/%Nb, 44Ce/14Pr, Y und Ru{%Rh, das Gemisch MT27 137Cs/13"™Ba, %Zr|
%Nb, 14Ce/14Pr, *1Y und ®Ru/%Rh.

Es wurden (mit einer Ausnahme beim Jod-Cisium-Gemisch) nur diejenigen
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Teile der entwickelten Filmstreifen ausgeschnitten und in die Tabelle eingefiigt, die
eine eben noch sichtbare, ringférmige Schwirzung aufwiesen.

Wie man in Abb. 3 erkennen kann, ist nach Durchfiithrung des Trennungsganges
praktisch die gesamte Cisium- und Jodaktivitit in Ring I konzentriert, der 8 Wochen
spiter (7 Halbwertszeiten von !31J) nur noch 13Cs/137™Ba enthilt. Badet man Ring I
in salpetersaurer AgNO;-Losung, so bleibt nur das 131 zuriick (Ring Ia), welches in
8 Wochen zerfallen ist und auf dem Film keinen Ring mehr abbildet. In einem

4
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AsB. 4.—Abfallen der *'J-Aktivit in Ring Ia.

Versuch mit entsprechend hoher Ausgangsaktivitit wurde der Abfall des in Ring Ia
vorhandenen 81J iiber einige Wochen hinweg verfolgt (s. Abb. 4). Vom Mutter-
Tochter-System 4Ba/'%*La wird die Hauptmenge in Ring V konzentriert. Ein Teil
des 9La und geringe Mengen 4°Ba gelangen in den Ring IV, der 12 Tage (7 Halb-
wertszeiten des 14°La) nach erfolgter Trennung nur noch ein sehr schwaches Auto-
radiogramm liefert. In dieser Zeit ist in Ring V, desgl. auch in Ring II, in dem sich
ein merklicher Anteil des %°Ba befindet (vgl. Tab. 1), 14°La bis zum Gleichgewicht
nachgewachsen. Die schwachen Abbildungen des Auswaschringes V/VI riihren von
restlichem 49Ba/0L a her. Die Untergrundschwirzungen der 1%°Ba/1%*La-Autoradio-
gramme unterscheiden sich nur deshalb so sehr voneinander, weil in einem Fall
(nach 12 Tagen) ein frisch angesetzter Entwickler verwendet wurde. Ein solcher
Unterschied in der Entwicklerwirksamkeit wire fiir halbquantitative Schitzungen
nicht mehr zuldssig.4

Beim Nuklidgemisch MT26 ist besonders auf Ring II (®Sr) zu achten, der un-
mittelbar nach der Trennung nur sehr schwach abbildet, 3 Wochen spiter (etwa 7
Halbwertszeiten des *Y) als Folge des nachgewachsenen %Y jedoch einen deutlichen
schwarzen Ring liefert. In Ring IV, der 14Ce/%Pr, 1Y, Y sowie einen bedeutenden
Anteil des ®Sr enthilt (vgl. Tab. 1) und deswegen ein besonders kriftiges Auto-
radiogramm ergibt, klingt die Aktivitit des ®Y entsprechend ab. Dieses Anwachsen

6
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der Aktivitit in Ring II und Abklingen in Ring IV wird durch die Kurven in
Abb. 5 veranschaulicht, die nach der Durchfiihrung des Trennungsganges mit einer
%0Sr/%0Y-Losung hoherer Aktivititskonzentration erhalten wurden. Auch beim
Nuklidgemisch MT27, das kein ®Sr/*Y enthilt (kein Autoradiogramm des Ringes
II), bildet Ring IV sehr stark ab. Beiden Gemischen (MT26 und MT27) sind
weiterhin die Autoradiogramme der Ringe I (33"Cs/1¥"™Ba), III (**Zr/**Nb) und VI
(1%¢Ru/1%*Rh) gemeinsam. Die geringen Schwirzungen, die Ring V liefert, riihren
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ABB. 5.—Nachwachsen der *°Y-Aktivéat in Ring II () und Abfallen in Ring IV (A).

von restlicher Cer-, Yttrium- und (im Falle von MT26) Strontium-Aktivitit her
(vgl. Tab. 1).
DISKUSSION

Der beschriebene Trennungsgang soll als Modell fiir in der Praxis erforderliche
Untersuchungen dienen. Obwohl die einzelnen Radionuklide nicht quantitativ
voneinander getrennt werden konnten, ist es doch mdéglich, mit Hilfe der geschil-
derten Operationen in relativ kurzer Zeit und mit einfachen Mitteln erste Aussagen
iiber Art und ungefihre Aktivitit der in einer Probe vorhandenen Radioisotope zu
machen. Die Durchfiihrung des Trennungsganges, vom Auftragen des Probetropfens
bis einschlieBlich Stufe VI gerechnet, erfordert etwa 6 Stunden Zeit. Allein die
Hiilfte hiervon wird fiir die beiden Druckfillungen benétigt und steht deshalb fiir
andere Arbeiten zur Verfiigung. Beriicksichtigt man weiterhin, da8 bequem mehrere
Proben nebeneinander bearbeitet werden konnen, so verringert sich der effektive
Zeitbedarf noch wesentlich,

Bei der Ausarbeitung dieses Trennungsganges wurden fertige Probelsungen mit
definierten Trigerkonzentrationen eingesetzt. In der Praxis liegen jedoch stets
Spuren radioaktiver Isotope in einem groBen UeberschuB inaktiven Materials vor,
was Anreicherungen und Vortrennungen erforderlich macht. Durch Anwendung
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der Autoradiographie wird man aber wegen der Empfindlichkeit dieses Nachweis-
verfahrens nur geringe Substanzmengen aufarbeiten miissen.'? Einen Weg zur
Anreicherung von Radioisotopen aus wiBrigen Losungen auf dem Ringofen zeigten
Malissa und Loley;'? das AufschlieBen von Mikrogrammengen schwerldslicher
Proben unter Anwendung der Ringofenmethode wurde ebenfalls beschrieben.®

Die Auswertung der Autoradiogramme eines aufgetrennten Nuklidgemisches muf3
von der Tatsache ausgehen, daB einige Isotope in Ringe verschleppt werden kénnen,
in die sie theoretisch nicht gehdren und hier Nuklide vortduschen, die iiberhaupt
nicht vorhanden sind (vgl. Tab. 1). Erst wenn man die ganze Serie der Autoradio-
gramme eines durchgefiihrten Trennungsganges betrachtet und womdglich noch
die physikalischen Eigenschaften der Radionuklide (Halbwertszeit) zur Beurteilung
heranzieht, konnen Entscheidungen iiber An- oder Abwesenheit bestimmter Isotope
geféllt werden. So deutet z.B. eine schwache Abbildung des Ringes II auf ®Sr oder
verschlepptes 14°Ba hin. Handelt es sich um letzteres, so mufl Ring V ein deutliches
Autoradiogramm liefern. Liegt jedoch nur ®Sr vor, so muf die von Ring II her-
riihrende Schwiirzung 3 Wochen nach der Trennung deutlich stirker sein als vorher.
Will man ein schwaches Autoradiogramm des Ringes V nicht auf 14Ba /%] a zuriick-
fiilhren sondern auf verschleppte Seltene Erden und Strontium, so muB Ring V
einige Wochen spiter (Halbwertszeit des 4°Ba 12,8 d) immer noch sichtbar abbilden.
Enthélt die zu untersuchende Probe geniigend hohe Aktivititen, so kann man die
voneinander getrennten Radioisotope eindeutig durch p-Spektrometrie identifi-
zieren, wie dies Hilton und Reed fiir die Abtrennung von 1¥Cs/137mBa 12,20 sowie von
¥Mo/®™Tc?! aus bestrahltem Uran mit Hilfe der Ringofenmethode beschrieben haben.

Das bei der Spaltung von Z5U mit thermischen Neutronen gebildete Nuklid-
gemisch enthélt neben den in diesem Trennungsgang beriicksichtigten Radioisotopen
noch eine Reihe anderer radioaktiver Spaltprodukte mittlerer bis langer Halbwerts-
zeit, die sich chemisch gleich oder sehr dhnlich verhalten. So muBl man z.B. mit der
Anwesenheit von 88r in Ring II oder von 4!Ce, ¥’Pm und anderen Seltenen Erden
in Ring IV rechnen. Nuklide wie **Mo/®™Tc und 1%?Te/1%2] (Halbwertszeit jeweils
A3 d) sowie Isotope mit noch kiirzerer Halbwertszeit wiirden bei “jungen” Spalt-
produktgemischen (Alter <20 d) von Bedeutung sein. Hingegen miiBte das Ver-
halten von Uran- und Plutoniumisotopen, die im “Fallout” auftreten kénnen, von
natiirlich vorhanden Radionukliden (32¢Ra, ?'%Pb) und von sekundir durch Neutro-
neneinwirkung induzierten Aktivititen (Kobalt- und Wolframisotope, 3Mn, 5Fe,
#Na, *TI) im Trennungsgang noch untersucht und dieser gegebenenfalls entspre-
chend modifiziert werden.

Wie eben bereits angedeutet, variiert der Anteil der einzelnen Radionuklide an
der Gesamaktivitit eines Spaltproduktgemisches stark mit dessen Alter. Dieser
Tatbestand ist nicht ohne EinfluB auf die Durchfiihrung des Trennungsganges.
Liegt z.B. ein Spaltproduktgemisch vor, das >150d alt ist (MT26 entspricht etwa
solch einem Gemisch), dann kann man 3] und 14%Ba/'%’La unberiicksichtigt lassen
(Anteil von 149Ba/1%%La an der Gesamtaktivitit dann noch a0,2%)%2 und die Ausbeute
beim Abtrennen des Radiostrontiums dadurch erhhen, daB8 man den entsprechenden
Trennungsschritt (IT) wiederholt.

Will man sich auf die Abtrennung des einen oder anderen Isotops aus einem vorlie-
genden Nuklidgemisch beschrinken, dann kann man den Trennungsgang so Modi-
fizieren, daB sich die Aktivititen der abgetrennten Isotope halbquantitativ durch
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Autoradiographie'$,#-% bestimmen lassen. Sind z.B. in Stufe I 137Cs und evtl.
vorhandenes 1%1J praktisch quantitativ abgetrennt worden, dann kénnen unmittelbar
anschlieBend etwa 959, des %Zr/®Nb ohne nennenswerte Kontaminerung durch
andere Nuklide mit #thanolischer, essigsaurer NH,F-Losung aus dem Filterscheib-
chen in die Ringzone eines neuen Rundfilters gewaschen werden. Diese Operationen
(einschlieBlich der H,S-Druckfillung) beanspruchen 2-2} Stunden Zeit. Hat man
(nach Beriicksichtigung einer evtl. noch vorhandenen Jodaktivitit) die Aktivititen
von 137Cs und %Zr/%Nb autoradiographisch bestimmt, dann lassen sich aus dem
Aktivititsverhiltnis moglicherweise Riickschliisse auf das Alter des Spaltprodukt-
gemisches zichen.

An dieser Stelle mdchten wir Herrn Professor Dr. W. Seelmann-Eggebert, dem
Direktor des Instituts fiir Radiochemie der Kernreaktor Bau- und Betriebsgesell-
schaft m.b.H., Karlsruhe, fiir die Uberlassung von Radio-Isotopen herzlich danken.

Summary—A qualitative separation procedure for uranium fission
products of medium or long half-lives (isotopes of Cs, I, Sr, Ba, Zr,
Nb, Ru, Y, rare earths) in a drop of solution, using the ring oven, is
described. The test drop containing the radionuclides and submicro-
gram amounts of the corresponding carriers is spotted on a filter
paper. Precipitation, dissolution, demasking and washing procedures
are applied to wash out single isotopes or groups of isotopes from
the central spot and concentrate them in different ring zones. The
identification of the nuclides or groups of nuclides is by autoradio-
graphy of the individual rings. The yields of the various separation
steps are shown in tabular form. The interpretation of the autoradio-
graphs and possible uses of the separation are discussed.

Résumé—On décrit une technique de séparation qualitative de produits
de fission de 'uranium de moyenne et longue demi-vie (isotopes de Cs,
1, Str, Ba, Zr, Nb, Ru, Y, terres rares) contenus dans une goutte de
solution, par la technique du four annulaire. La goutte d’essai,
contenant les radionuci¢ides, et des quantités inférieures au micro-
gramme des entraineurs inactifs correspondants, est déposée sur un
papier filtre circulaire. On applique ensuite les techniques de précipita-
tion, dissolution, décomplexation et lavage pour entrainer les isotopes,
seuls ou en groupe, A partir de la tache centrale, et les concentrer dans
différentes zones annulaires. On identifie les nucléides ou groupes de
nucléides par autoradiographie des anneaux individuels. Les produits
des différents stades de la séparation sont présentés sous forme de
tableau. On discute de l'interprétation des autoradiographies et des
emplois possibles de cette séparation.
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UNE NOUVELLE METHODE POUR LE DOSAGE
GRAVIMETRIQUE DE L'URANIUM

RaLuca RIPAN et V. SACELEAN
Chaire de Chimie anorganique et analytique, Faculte de Chimie
Université ““Babes-Bolyai”” Cluj, Roumanie

(Recu le 31 Juillet 1964. Accepté le 19 Septembre 1964)

Résamé—Cette méthode pour ie uosage gl"dvuncunquc de Puranium
est basée sur la précipitation des ions UO,**, dans Pintervalle de
pH 3-5, par une solution formée d’acide p-aminobenzoique, de

yridine et d’eau: on obtient un précipité jaune, amorphe, facilement
tEmrable, UVO,(HN—C; H,——COO)z 2Py.2H;0, gue l'on transforme
pour le dosage de I'urantum, par calcination, en U;O,. Afinde vérifier
Tefficacité de ce réactif, une série de dosages d’uranium effectuée
comparativement avec NH, et I'oxine a montré que Ia nouvelle methode
est plus avantageuse. Le dosage de 'uranium en presence de certains
cations qui génent la détermination se fait en masquant ceux-ci avec
du complexon I1 dissous dans de 1'eau et la pyridine.

On connait une série de combinaisons complexes de I'uranium avec des substances
organiques qui renferment dans leur molécule de I’azote, parmi lesquelles on en
mentionne quelques-unes du type: [UO,R,J*",[ UO,R.H,0F+, ol R est une N-base
organique.

De telles combinaisons ont été obtenues par Inghilleri et Gori! avec la guino-
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v ope
léine en milieu aqueux, par Inghilleri® avec un excés d’aniline dans de I'alcool
et une solution concentrée de UO,(NO;),: [UO(CgH,N),J?*; Anion = Nos,
CH;—COO0~, SO, ete.! [UO(CH;NH,),12"; Anion = SO,%, CH;—COO-,
Czog?r-z

Des complexes similaires de 'uranium ont été synthétisés aussi par R. Rascanu®
avec de la pyridine (Py), de la quinoléine (Ch), de la quinaldine (Chd), etc.:

2+ 2 Ch 72+ Chd2+
[wou ] s [vou | [vor o] ™ [vor o] ™

Compte tenu de la possibilité qu’a I'ion d’uranyle de former des combinaisons
complexes avec les N-bases organiques, nous avons synthétisé un de ses sels avec
la pyridine et l’acide p-aminobenzoique,

Grice & ses propriétés, ce complexe se préte trés bien au dosage gravimétrique
de Puranium.

11 est bien connu que la plupart des réactions de dosage gravimétrique de 'uranium
sont basées sur la formation des sels d'uranyle difficilement solubles, avec des réactifs
organiques ou inorganiques, des sels que I’on calcine, Puranium passant & U;Og, ou
bien que I'on séche et pese tels quels.

La précipitation de P'uranium par Phydroxyde d’ammonium sous forme de
diuranate d’ammonium est une des méthodes ordinairement employées au dosage de
Puranium.*

L’hydroxyde d’ammonium employé pour la précipitation doit étre filtré parce que,
étant gardé dans des vases de verre, il contient toujours des inclusions qui renferment

69
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de la silice. On doit aussi le priver du carbonate et du bicarbonate qu’il contient en
caison de I’absorption du bioxyde de carbone de I'air, car 'anion carbonique géne
la précipitation totale de l'uranium en formant des complexes solubles du type:
[UOL(COy)s]*

Cette précipitation a lieu & chaud et le précipité que I'on obtient est gélatineux
et difficilement lavable, surtout lorsque la quantité d’uranium est grande. Cela
augmente la durée de I’analyse et les résultats sont moins bons.

Des résultats satisfaisants dans le dosage gravimétrique de I'uranium sont obtenus
en le précipitant par une solution de 8-oxy-quinoléine:* on obtient un précipité rouge-
orange, facilement filtrable: [UO,(C,HgNO),]. C,H,;NO.

Nous mentionnons qu’avant de précipiter I'uranium par la 8-oxy-quinoléine, la
solution qui le contient doit étre chauffée a ébullition; et le précipité obtenu, n’est
filtré qu’aprés refroidissement complet, ce qui provoque également une augmentation
de la durée de I’analyse.

La méthode que nous proposons pour le dosage gravimétrique de ’'uranium se
distingue par sa simplicité et la commodité de son exécution, par la réduction de la
durée de I'analyse (par rapport aux méthodes signalées), ainsi que par les résultats
satisfaisants que 1’on obtient.

Description de la substance

L’analysé du précipité que I'uranium forme avec la pyridine et P’acide p-amino-
benzoique, montre le rapport suivant entre composants:

1UO,2+: 2H,N—CgH,—COO~: 2Py: 2H,0.

La substance est amorphe, de couleur jaune, trés facilement filtrable, stable a
P’air, soluble dans les acides, CH;—OH, C,H;—OH, moins soluble dans I’eau et
difficilement soluble dans I’éther et le chloroforme.

Lorsqu’il est chauffé, il présente une variation continue du poids en fonction de
la température (jusqu’a 500°C) et de ce fait, 'uranium ne peut pas €tre dosé par le
chauffage de la substance a I’étuve 4 une certaine température.

La limite de reconnaissance de 'uranium sur papier filtre avec ce réactif est de

1,36 ug.

Mode opératoire

Le réactif de précipitation est préparé de la maniére suivante: a 3 g d’acide p-aminobenzoique
on ajoute 3 ml de pyridine, on mélange bien avec une baguette, ajoute 20 4 30 ml d’eau distillée,
on chauffe faiblement le mélange (en agitant avec la baguette) jusqu’d ce que I'acide se dissolve,
filtre et compléte avec de 1’eau jusqu’a 50 ml.

Le précipité du composé d’uranium s’obtient 4 la température ordinaire avec le réactif proposé,
dans I'intervalle de pH 3-5.

A la solution du sel d’uranyle, qui contient 0,33 g U au maximum dans 60-120 ml, on ajoute
par petites portions le réactif de précipitation, en mélangeant avec la baguette, jusqu’a ce que ’'on
observe qu’il ne se forme plus de précipité. On laisse le précipité se déposer (environ 2 & 3 minutes),
on filtre sur papier filtre & bande blanche, puis on lave avec une petite quantité¢ de solution (15 ml
de réactif de précipitation + 85 ml d’eau), on le brille et calcine a la température de 800 a
1050°C (I'uranium de la combinaison passe en U,Oy). Le facteur de transformation est 0,848.

La réaction de précipitation de 'uranium, dans ces conditions de travail, n’est
pas génée par les éléments alcalins, alcalino-terreux, par les ions Mn?*, Co*", Ni?,
NO,™, CI-, CH;—COO~, SO, par l'acide ascorbique, le complexon IlI, etc.; par
contre, la détermination est génée par les ions Zn?*+, Cd?*, Cu®*, Hg*, Pb*, Agt,
Fe?t, Cr3+, Al3t, PO,%~, AsO,2~, C,0,%", par I'acide citrique, efc.



Le dosage gravimétrique de I'uranium 7

La méthode a été vérifiée par une série de dosages d’uranium dans une solution
de UO,(NOjy), de diverses concentrations, en dosant les mémes quantités d’uranivm
comparativement par du NH; et de ’oxine (I"oxinate d’uranyle a été calciné en U,O,).

Dans le tableau I sont donnés les résultats obtenus.

Il ressort de ce tableau que le titre de la selution de nitrate d’uranyle, exprimé
en uranium, est identique par sa détermination avec le réactif employé et Ioxine,
mais plus faible par sa détermination avec ’hydroxyde d’ammonium.

TABLEAU 1.—LES RESULTATS OBTENUS

No. M. Réactif Oxine NH,
ot.  ml g0, U U,0, U U,0, U
0,0476 00404 00474 00402 00470 0,039
00474 00402 00478 00405 00470  0,0399
1 5 00480 00407 00478 00405 00474 00402
00476 00404 00476 00404 00476 00404
0,095 00807 0095 00811 00952 00807
00952 00807 0095 0081l 00948 00804
2 10 00954 00809 00950 00806 00952  0,0807
00956 00811 00950 00806 0094 0,080l
0,196 01616 0196 01616 0190 01611
0196 01616 01902 01613 0194 01615
3 20 0194 01615  01%8 01618 0190 01611
0,198 01618  01%2 01613 0192 01613
02858 02424 02854 02420 002852 02419
02862 02427 02862 02427 02850 02417
4 30 02860 02425 02856 02422 02854 02420
02856 02422 02862 02427 02856 02422
03808 03229 03812 03233 03798 03221
03810 03231 0388 03220 0379 053219
5 40 03810 03231 03814 03234 0384 03226
03814 03234 03808 03229 03804 03226
Ty — 0,00808 To — 0,00808 To = 0,00805

Ty = titre de la solution de UQy(NO,), experimé en uranium,

Le principal inconvénient de la nouvelle méthode consiste dans le fait que la
spécificité du réactif est faible.

Afin d’augmenter la sélectivité de la méthode nous avons employé le complexon
IT dissous dans de I'eau et la pyridine qui forme avec Iion d’uranyle un complexe
peu stable, et avec les cations génants, des complexes suffisamment stables, qui
demeurent dans la solution iors de ia précipitation de 'uranium.

En ajoutant 2 la solution du sel d’uranyle différents cations au rapport 2:1, com-
parativement 3 la quantité d’uranium, et un excés de complexon II dissous dans
I’eau avec de la pyridine, le dosage de I'uranium en présence de ceux-ci fournit des
résultats trés satisfaisants.

Cest ainsi qu'on a séparé et dosé I'uranium en présence de Cu?t, Zn?*+, Cd?+,
Hg?*, Pb**, Al3+, Cr3+, Fed+ (le rapport Fe: U a été de 20:1) et Th**, avec une erreur
comprise entre 3-0,3%,

Les résultats obtenus pour le dosage de I'uranium en présence de Na+, K+, Mg?+,
Ca?t, Sr?*, Ba*, Mn**, Co?* et Ni** (au rapport de 2:1 comparativement a I'ura-
nium, sans emploi du complexon), sont affectés par une erreur positive (maximum
0,3%), en raison de P’absorption de ces cations par le précipité.
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Summary—A method for the gravimetric determination of uranium is
based on the precipitation of the UO,%+ ion, in the pH range 3-5, by
a solution of p-aminobenzoic acid and pyridine in water. Anamorphous
yellow precipitate forms, which is easily filtered and has the composi-
tion UO,(H,N—CH,—CO00),-2Py-2H,0. This is ignited to U 0,.
Comparative determinations with ammonia and with oxine indicate
that the new method is superior to these. Certain ions which interfere
with the determination can be masked with Complexone-II dissolved
in pyridine-water.

Zusammenfassung—Eine Methode zur gravimetrischen Uranbestimm-
ung beruht auf der Fillung des UO,?*-Ions mit einer Losung von
p-Aminobenzoesiure und Pyridin in Wasser bei Ph 3-5. Es bildet sich
ein amorpher gelber Niederschiag, der sich leicht filtrieren 148t und die
Zusammensetzung UO,(H,N—C,H,—COO),2Py-2H,O hat. Dieser
wird zu U,O, vergliiht. Vergleichsbestimmungen mit Ammoniak und
Oxin zeigten, da8 die neue Methode besser ist. Einige storende Ionen
konnen mit Komplexon II in Pyridin-Wasser maskiert werden.
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Zusammenfassung—FEs wird ein Verfahren zur aktivierungsanalytischen
Bestimmung von Molybdinspuren in Wolfram beschrieben, bei dem
das aus Molybdin-99 entstechende Technetium-99m radiochemisch
rein abgetrennt und in einem Bohrlochkristall-Szintillationszihler
wird. Die Isolierung der Technetium-99m-Aktivitit geschicht
durch Pyridinextraktion und Anionenaustauschchromatographie. Mit
dem Verfahren lassen sich noch etwa 10-# g Molybdén bestimmen.

Dit Bestimmung von Molybdédnspuren in Wolfram kann spektralanalytisch,-3
polarogiaphisch®® oder spektrophotometrisch’~? erfolgen. Die Nachweisgrenzen
liegen bei 10-2 bis 10-37, solange die Probeneinwaagen kleiner als 1 g sind.

Modellversuche zur aktivierungsanalytischen Bestimmung von Molybdin in
Wolfram ergaben brauchbare Ergebnisse bis zu Gehalten von 10-39, Molybdin. 10
Dabei zeigte sich, daB die Gewinnung einer radiochemisch reinen Molybdinak-
tivitiit wegen der gleichzeitig entstehenden sehr hohen Wolframaktivitit und der chemi-
schen Ahnlichkeit von Wolfram und Molybdén schwierigist. Bei dieser Untersuchung
wurde jedoch nicht beriicksichtigt, daB auBer den Wolfram- und Molybdinaktivitéten
auch Rhenium- und Technetiumaktivititen entstehen. In der vorliegenden Arbeit
wurde deshalb untersucht, ob das aus Molybddn-99 entstehende Technetium-99m
vollstindig und radiochemisch rein von Makromengen Wolfram und extrem groBen
Wolframaktivititen sowie von Molybdin-99 und Rhenium-186/188 abtrennbar und
damit zur aktivierungsanalytischen Molybdénspurenbestimmung geeignet ist.

ABSCHATZUNG DER ENTSTEHENDEN AKTIVITATEN

Einen Uberlick iiber die bei der Bestrahlung von Wolfram und Molybdédn mit
thermischen Neutronen entstechenden Nuklide und Aktivitdten gibt Tabelle I. Aus
ihr geht hervor, daB nach einer hundertstiindigen Aktivierung die entstandene
Wolframaktivitdt bei gleicher Einwaage etwa hundertmal groBSer als die Molyb-
danaktivitdt ist. Da die Technetium-99m-Aktivitit im Gleichgewicht etwa der Molyb-
ddn-99-Aktivitit entspricht, betrigt das Aktivititsverhiltnis Avw:Ap, g9° Are_yom
bei einem Gehalt von 10-59, Molybdén etwa 10°:1:1.
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AuBerdem entstehen bei der Aktivierung von Wolfram durch Sekundérreaktionen
(Reaktion 1 und Reaktion 2) die radioaktiven Nuklide Rhenium-186 und Rhenium-
188:

W-184 — 22 W-185
' | raa
(n, »)
Re-185 s Re-186 (0
120 b
gv|oth
Os-186 (stabil)

W-186 .,.Sg.‘;l?)l_, w-187 -2, w-188

B-,v|24h p—169,5d
Re-187 % Re-188 @
A.¥ii7h
Os-188 (stabil)

deren Aktivititen bei einer 100-h-Bestrahlung von 100 mg Wolfram 4 ., 10% Re-186-
Zerfille/sec und 3,7 . 108 Re-188-Zerfille/sec ergeben.

Die Schwierigkeiten, die bei der Bestimmung von 1059 Molybdin in 100 mg
Wolfram durch das zusitzlich entstehende Rhenium-186 und Rhenium-188 bedingt

1
1
14
N
e
§” ——
§ 7
8
n
&
_
—
7 T—
w ——
\. \-.‘1
- nach Reaktion 2)
10~ Re-186 {gebiide! nach Reakiron 1}
e M- 5 i Gleichigewxchl mul -93m)
W'

40 e 1 H N
Zeit 1 b aach Besirahlungsende

Agp, 1.—Abklingkurve der Rhenium- und Molybdanaktivititen nach einer 100-
Stunden-Bestrahlung von 100 mg Wolfram bzw. 0,01 ug Molybdén, 3 = 10" n/sec . cm?®,

sind, veranschaulicht Abbildung 1, in der die Abklingkurven der Rhenium- und
Molybdén- bzw. Technetiumaktivititen nach einer 100-h-Bestrahlung dargestellt
sind. Modellversuche ergaben, daB die berechneten Rheniumaktivititen'1? mit
den experimentell ermittelten Werten annihernd {ibereinstimmen.
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PRINZIP UND SCHEMA DER TRENNUNG

Zur Abtrennung des Technetium-99m vom Wolfram ist die Extraktion von
Pertechnetat aus alkalischer Losung mit Pyridin geeignet.!* Die durch Modell-
versuche fiir Pertechnetat-, Perrhenat- und Molybdatspuren in Gegenwart von 100 mg
Wolfram ermittelten Verteilungskoeffizienten enthilt Tabelle II. Man erkennt, daB
das Technetium von Rhenium begleitet wird, und daB die von der organischen Phase
aufgenommenen Wolfram- und Molybdanspuren durch Natronlauge auswaschbar
sind, ohne daBl dabei nennenswerte Technetiumverluste eintreten.

TABELLE II—VERTEILUNGSKOEFFIZIENTEN VON TECHNETIUM,
RHENIUM, MOLYBDAN UND WOLFRAM ZWISCHEN
4 n NATRONLAUGE UND PYRIDIN

Verteilungskoeffizient D

Ion
Literatur* Nach eigenen Messungen*
TcO,~ 778 830
ReO,~ 225 620
MoO,2~ — 10—
WO, — 10—*

* Gemessen in Gegenwart von 100 mg inaktivem Wolfram

(WOo.)

Unter den gewihlten Arbeitsbedingungen wird durch Pyridin extraktion und
dreimaliges Waschen der organischen Phase mit 4n Natronlauge eine Wolfram-
abreicherung von etwa 107 erreicht. Die in der organischen Phase verbleibenden
Wolframspuren sind durch mitgerissene Wassertrépfchen bedingt.

Zur Gewinnung von radiochemisch reinem Technetium miissen anschlieBend
die im Pyridin verbliebenen Rhenium- und Wolframaktivititen durch ein vielstufiges
Trennverfahren entfernt werden. Bei Vorliegen einer wéBrigen Phase 148t sich eine
Rhenium-Technetium-Trennung mit Hilfe eines Anionenaustauschers und einer
ammoniumsulfat/-rhodanidhaltigen Losung als Elutionsmittel durchfiihren.!® Eigene
Versuche ergaben, dall man die Anionenaustauscherséule auch direkt mit den im
Pyridin enthaltenen Aktivititen beladen kann, ohne daB Aktivititsverluste auftreten.
Eine anschliefende Trennung von Wolfram, Rhenium und Technetium ist nach Ver-
dnderung einiger Versuchsbedingungen (Arbeitsvorschrift) auch bei extremsn Ak-
tivitdtsverhdltnissen moglich (Abbildung 2).

Zur Veranschaulichung ist das Trennschema fiir die Isolierung von radiochemisch
reinem Technetium in Abbildung 3 dargestellt.

Eine modellmiBige Uberpriifung des gesamten Verfahrens ergab, daB 96 bis
100 % des eingesetzten Technetiums in der Natriumperchloratfraktion zuriickerhalten
werden. Die Analyse ist also trigerfrei durchfiihrbar.

ARBEITSVORSCHRIFT

0,1 g der zu analysierenden Wolframprobe und 1 mg metallisches Molybdén als Standard werden
in einer Polystyrolkapsel im Reaktor 100 h mit einem Flu3 von 10'® Neutronen/sec. cm® bestrahlt.

Die bestrahlte Probe wird in ca. 15 ml eines Gemisches aus 3 Teilen 40 Jiger FluBsiure und
einem Teil konzentrierter Salpetersdure gelost und die Losung zur Trockne gedampft. Man 15st
den Riickstand in 10 ml 4 n Natronlauge und filtriert die Losung durch ein Glaswollefilter in einen
Schiitteltrichter. Mit 2 ml Pyridin werden Pertechnetat und Perrhenat gemeinsam extrahiert. Wegen
der hohen Aktivitdt der Matrix werden diese Operationen hinter einer Bleiabschirmung vorgenommen.
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ABB. 3.—Schema zur Abtrennung des Technetiums von Wolfram, Molybdéin und
Rhenium
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Zur wetilteren Abreicherung des Wolframs wird die Pyridinphase dreimal mit je 5 ml 4 n Natronlauge
waschen.

& AnschlieBend gibt man die organische Phase auf eine mit dem Anionenaustauscher Wofatit

SBW (Cl—-Form, KorngréBe 0,09 bis 0,063 mm) gefiillte Saule von 30cm Linge und 0,4 cm

Durchmesser, wobei hier und im weiteren eine FluBgeschwindigkeit von 4 Tropfen/min eingehalten

wird. Das auf der Sdule zuriickgeblicbene Pyridin wird mit 3 ml Wasser ausgewaschen.

Zuerst werden die am Austauscher adsorbierten Wolfram- und Rheniumaktivititen mit 32 ml
einer auf pH 8,5 eingestellten Losung, die jeweils 0,3 m an Ammoniumsulfat und Ammonium-
rhodanid ist, eluiert. (Bei Benutzung von Dowex-1 X8 mu8 die Ammoniumsulfat- und Ammonium-
rhodanidkonzentration je 0,4 m sein, da andernfalls die Aktivititspeaks breiter werden und ein
groBeres Elutionsvolumen bendtigt wird).

Zur Entfernung der auf der Siule verbliebenen Ammoniumionen wird mit 3 ml Wasser gewaschen
und anschlieend das Pertechnetat mit 2 n Natriumperchloratldsung (pH 8,5) eluiert. Das gesamte
Technetium ist in etwa 4 ml Eluat enthalten. Die Aktivitdt der Pertechnetatfraktion wird in einem
Bohrlochkristall-Szintillationszihler gemessen und eine Abklingkurve aufgenommen.

Der Molybdénstandard wird in 5 ml halbkonzentrierter Salpetersdure gelost. Man dampft zur
Trockne, nimmt den Riickstand in 100 ml 4 n Natronlauge auf und verwendet zur weiteren Verar-
beitung, die analog der Analysenprobe erfolgt, ein Aliquot der Lsung.

Wegen der beim Losen der Proben cintretenden Technetiumverluste darf ihre Weiterverarbeitung
erst nach ca. 36 Stunden erfolgen, damit sich das Molybdin-99-Technetium-99-Gleichgewicht
wieder einstellen kann.

BEWERTUNG DES VERFAHRENS
In Tabelle III sind die aktivierungsanalytisch bestimmten Molybddngehalte
einiger Wolframproben den Resultaten spektralanalytischer Vergleichsanalysen
gegeniibergestellt. Die Ubereinstimmung ist bei Proben mit verhéltnisméiBig hohen
Molybdingehalten gut. Die Gehalte der Proben 3 bis 5 konnten bisher spektral-
analytisch nicht erfaBBt werden.

TABELLE III—ERGEBNISSE VON MOLYBDANBESTIMMUNGEN IN
WOLFRAMPROBEN (MITTELWERTE AUS JEWEILS 3 BESTIMMUNGEN)

Aktivierungsanalyse, Spektralanalyse,
Probe ppm ppm
1 87 90
2 43 46
3 15,2 nicht nachweisbar
4 8,0 nicht nachweisbar
5 1,4 nicht nachweisbar

Zur Ermittlung der Reproduzierbarkeit der Analysenwerte wurde der Variations-
koeffizient des Verfahrens fiir zwei Konzentrationsbereiche berechnet.'® Die er-
haltenen Werte sind mit der Zahl der statistischen Freiheitsgrade in Tabelle IV
aufgefiihrt.

TABELLE IV-—REPRODUZIERBARKEIT DER AKTIVIERUNGSANALYTISCHEN
MOLYBDANBESTIMMUNGEN IN WOLFRAM

Konzentrationsbereich
des Molybdéngehaltes, Variationskoeffizient, Zahl der
ppm VA Freiheitsgrade
1-10 9 8
10-100 4 9

Analysenproben mit ca. 10-%9, Molybdédn standen bisher noch nicht zur Ver-
fiigung. Wie aber aus der Abklingkurve (Abb. 4) einer Technetiumaktivitit, die aus
einer Wolframprobe mit einem Gehalt von 1,4.10-49] Molybdin isoliert wurde,
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hervorgeht, betrigt die Ausgangsaktivitit ca. 5000 Imp/min und die radiochemische
Reinheit ist besser als 999,. Unter der Voraussetzung, daB zum sicheren Messen und
Identifizieren eines Nukiids etwa 500 Imp/min notwendig sind, ergibt sich hieraus
eine untere Bestimmungsgrenze von 10~# g Molybdén. Bei einer Einwaage von 100
mg Probenmaterial entspricht dies ca. 10-3%; Molydbén.

b,
w

1

Impuise lmin

10

B X 0 & 5 60 70thh

Asg. 4.—Abklingkurve einer aus einer Wolframprobe isolierten Technetiumaktivitat
(Molybdéngehalt 1-4 ppm)

Das vorgeschlagene Trennverfahren ist auBerdem zur aktivierungsanalytischen
Bestimmung von Rheniumspuren geeignet, da, wie aus Abbildung 2 hervorgeht, eine
in der Analysenprobe enthaltene Rheniumaktivitdt vom Ionenaustauscher als schmale
Bande frei von Stérungen und Verunreinigungen eluiert wird.

Summary—A method for the determination of traces of molybdenum
in tungsten by activation analysis is described. The determination is
done by measuring the activity of technetium-99m, daughter of
molybdenum-99. Radiochemically pure technetium is separated from
other radionuclides by pyridine extraction and anion-exchange
chromatography. Amounts of 10-® g of molybdenum can be deter-
mined.

Résumé—On décrit une méthode de dosage de traces de molybdéne
dans le tungsténe par analyse par activation. Le dosage est effectué
par la mesure de Pactivité du technécium-99m, provenant du molyb-
déne-99. Le technécium radiochimiquement pur est séparé des autres
radionucléides par extraction 4 la pyridine et chromatographie
d’échange anionique. On peut doser des quantités de molybdéne de
Tordre de 108 g.
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SELECTIVE RETENTION OF ALKALI METALS ON
CATION-EXCHANGE RESINS

RAPID SEPARATION OF ALKALI METALS FROM OTHER METALS*
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Summary—The alkali metals, as a group, can be rapidly separated
from multivalent metals by batchwise precomplexing of the multivalent
metals with EDTA at pH 8 and passing the solution through a cation
resin in the tetramethylammonium ion form. After isolation of the
alkali metals on the resin, they can be rapidly eluted as a group and
concentrated. Separations of the alkali metals from the alkaline
earths and cadmium are illustrated. Variables affecting the efficiency
of alkali metal uptake have been studied in detail.

INTRODUCTION

THERE is a need for a simple, rapid method of separating the alkali metals, as a group,
from other metal ions. In flame photometry, for example, many alkaline earths
interfere with the analysis of the alkali metals,* and vice versa.}»*

The high selectivity of various inorganic ion-exchange crystals for certain alkali
metals in acidic solutions is becoming well known, and has been used very successfully
for the separation of individual alkali metals.>? A group separation of the alkali
metals from the alkaline earths has been worked out on the ammonium form of
zirconium phosphate, but the ammonium form has essentially no selectivity left for
the alkali metals, and they are eluted as a group, ahead of the alkaline earths.?

Likewise, in previously reported group separations of the alkali metals on organic
ion-exchange resins, the heavier metals are preferentially held on the resin while the
alkali metals are made to pass into the effluent. For example, Tsubota elutes sodium
and potassium from a cation-exchange resin with dilute HCl or a formate buffer eluant,
and then removed heavier metals with various formate buffer mixtures.? Schumacher
preferentially eluted microgram amounts of potassium and rubidium from Dowex-50
ahead of the alkaline earths and rare earths.? Blaedel, Olsen and Buchanan held radio-
tracer amounts of most of the alkali metals on a cation resin while sequentially
eluting groups of heavier metals, but the separation necessitated very low ionic
strength eluants, and is applicable only to microgram amounts of metals.l®

Anion-exchange resins have been used to separate the alkali metals from certain
other metal ions. Samuelson and Sj6strom used Dowex-2 anion-exchange resin in a
mixture of EDTA and acetate forms to absorb calcium and magnesium from solutions
containing sodium and potassium.!! Samuelson, Sjostrom and Forsblom separated
the alkali metals from calcium, magnesium, vanadium(IV), iron(III), aluminium(III),

* Abstracted in part from the Honors Dissertation of Harold R. Sobel, A. B., Franklin and

Marshall College, 1964.
T Present address: Department of Chemistry, University of South Florida, Tampa, Florida, U.S.A.
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copper(II), nickel(II), cobalt(II), manganese(Il) and zinc(II) by passing solutions of
these ions through a column of Dowex-2 in the EDTA, acetate, and oxalate forms.
The alkali metals pass into the effluent while the multivalent ions are retained on the
resin.!? Although this is a satisfactory group separation, the alkali metals cannot be
concentrated by this method.

In contrast, the procedure described in this paper retains the alkali metals on a
cation-exchange resin and allows the other metal cations to pass through. Thus, even
though the alkali metals ordinarily possess the weakest exchange affinity of all the
metal ions,’® and can readily be displaced by dilute hydrogen ion or ammonium ion,'®
the selectivity can be partially reversed by batchwise precomplexing of the multivalent
cations with EDTA and passing this solution through a cation resin in the tetramethyl-
ammonium ion form. Variables affecting the efficiency of alkali metal uptake have
been studied in detail.

EXPERIMENTAL

Apparatus and reagents

The ion-exchange resin used in most of this work was Baker Analyzed Dowex S0W-X8, 100-200
mesh, having a total exchange capacity of 1-8 meq/ml in the water-swollen hydrogen ion form. Baker
Analyzed Dowex 50W-X12, 100-200 mesh, had a total exchange capacity of 2-2 meq/ml, and Dowex
A-1 resin, used in preliminary studies, was obtained from the Dow Chemical Company and had a
total exchange capacity of 0-66 meq/ml. The breakthrough capacity of the resin (the number of
meq of ions that can be taken up quantitatively during column operations) varies with experimental
conditions, and is expressed in this paper as the percentage of total exchange capacity. The resins
were cleaned in large lots as described previously.*°

The glass columns used to hold the resin were 20 cm long by 12 mm inside diameter, closed at
the lower end by a coarse sintered-glass disk upon which the resin bed rested, and fitted at the top
with a bowl 8 cm in diameter to hold eluants. A resin volume of 10-0 ml (H-form) was used in most
of this work, giving a bed height of about 9-5 cm in the hydrogen ion form, and 10-2 cm in the tetra-
methylammonium ion form. The column free volume is about 3-8 ml.* Five-ml siphon pipettes,
used to collect 5- or 10-ml fractions of column effluent, were obtained from the Ace Glass Company,
Vineland, New Jersey, U.S.A. and were recalibrated under the conditions of use.

Reagent-grade EDTA (ethylenediaminetetra-acetic acid) was obtained in the acid form. Tetra-
methylammonium hydroxide was prepared according to the method of Peracchio and Meloche,'s
using purified silver oxide (Fisher Scientific Co.) and highest purity tetramethylammonium chloride
(Eastman Organic Chemical Co.). Highest purity fetraethylammonium hydroxide was obtained as a
10% solution from Eastman Organic Chemical Co., but commercial tetramethylammonium hydroxide
could not be used because the sodium ion content was over 0-05M. The nitrate or chloride salts
of all metals were reagent-grade.

Procedure

Ten ml of Dowex 50W-X8 in the hydrogen ion from was converted to the tetramethylammonium
ion form by passing 0-5-0-8M tetramethylammonium hydroxide through the column at a flow rate
of about 1 ml/min until the effluent was basic to litmus; then the column was washed with 20 ml
of water. In preliminary experiments in which effluent pH was plotted against effluent volume, using
an apparatus described previously,'® it was found that the column is completely converted with an
equivalent amount of the reagent, indicating virtually 1009, efficiency of conversion. When the
conversion was attempted with 1-0M tetramethylammonium chloride, it was found that even a
ten-fold excess was insufficient for quantitative conversion, as indicated by a slow rise of effluent pH.
This finding is consistant with that of others.

The sample solution, which may contain all the alkali metals at any concentration up to about
0-1M, and heavier metals up to a total concentration of about 0-05M, was made 27, in EDTA
(0-068M) and adjusted to pH 8-0 with tetramethylammonium hydroxide. The sample solution was
then passed continuously through the column at a flow rate of 1-0 ml/min and 5- or 10-ml fractions
were collected until breakthrough equilibrium was achieved.

After washing the column with 20 ml of water, the alkali metals were eluted with SM HCI, 2-ml
fractions being collected in a graduated cylinder.
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Analysis

A Beckman Model DU spectrophotometer with flame attachment was used for analysis of effluent
fractions. An oxygen-hydrogen flame was used for barium, and an oxygen-acetylene flame was
used for all other elements. At high concentrations, dilutions were performed to minimise seif-
absorption. To enhance barium readings, 1:1 dilutions with acetone were made. Standard solutions
used for flame analysis contained the same concentration of EDTA as the effluent fraction analysed.

Because the flame photometric analysis of magnesium and cadmium is not very sensitive,* the be-
haviour of these elements was tested by running them individually, with only the alkali metals present,
and effluent fractions were analysed by indirect titration of the excess EDTA with standard magnesium
nitrate solution, using Eriochrome Black T indicator.’” After elution of the resin vyith HCl, mag-
nesium was qualitatively tested for with p-nitrobenzeneazoresorcinol,'® and cadmium was tested
for polarographically.

RESULTS AND DISCUSSION

Fig. 1 illustrates the separation that can be achieved when an ionic solution
containing calcium, strontium, lithium, potassium, rubidium and caesium, each at a
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F1G. 1.—Breakthrough of 10-2M Li, Na, K, Rb, Cs, Ca and Sr on 10-0 ml
of Dowex 50W-X8, (CH;),N+ form.

concentration of 0-010M, is made 2%; in EDTA at pH 8 with tetramethylammonium
hydroxide and is passed continuously through 10 ml of Dowex 50W-X8 in the tetra-
methylammonium form at a flow rate of 1-0 ml/min. Calcium and strontium break-
through immediately, and rapidly rise to influent concentration, and no leakage of
the alkali metals occurs until over 80 ml of solution have passed. Thus, the first 80 ml
can be collected free from all alkali metals. Magnesium, barium and cadmium,
tested individually, behave similarly to calcium and strontium.

After washing the column with 20 ml of water, SM HCI can be used to elute the
alkali metals rapidly from the resin, as illustrated in Fig. 2. Only the lithium and
caesium curves are shown, because the curve for sodium is similar to that of lithium,
and the curve for rubidium is almost identical to that of caesium, with the potassium
curve comming in between. No calcium or strontium can be detected in the HCl
fraction. In samples containing magnesium and barium, 0-5 % of the total magnesium
and about 179 of the total barium appear in the HCl fraction. Cadmium, like calcium
and strontium, is quantitatively complexed by the EDTA, and does not appear in the
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HCl fraction. The amount of magnesium and barium retained on the resin during the
original passing of the sample solution is too small to give a measurable deciease in the
flame analysis of the EDTA effluent, and likewise the contamination of the SM HCl!
fraction is too small to interfere in the flame photometric analysis of the alkali metals.
If it were desired to obtain the alkali metals completely free from magnesium and bar-
ium, this could be accomplished by elution of the column with 0-1M HCl instead of
SM HCL. Three hundred ml of 0-1M HCI were found to be sufficient to elute all the
alkalies quantitatively*, leaving magnesium and barium on the resin from which they
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FiG. 2.-Elution of alkali metals with SM HCI after passing 10-2M alkali metals
through 10-0 ml of Dowex 50W-X8 until breakthrough equilibrium.

can be rapidly eluted with 5 HCl. No attempt was made to improve on these
latter separation conditions.

It can be calculated from Fig. 1 that a total of 4-74 meq of alkali metals are quan-
titatively retained on the resin up to breakthrough of each of the ions. This represents
267 of the total exchange capacity of the resin. Since this breakthrough capacity is
critically dependent upon a large number of variables, the next section is devoted to
a study of these variables.

Conditions affecting breakthrough capacity
In most of the following breakthrough studies, lithium, sodium and potassium
were chosen to be representative of all the alkalies, because rubidium and caesium can

* Elution of the alkali metals with either 0-10M HCl or 0-05M HCl results in mutually-overlapping
elution curves, indicating that the various alkali metals are probably retained in a somewhat random
distribution on the resin, rather than in sharply-defined bands. No separation of the individual alkali
metals can be expected by this technique because of the excessive loading of the resin.
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be expected to show at least equal or greater uptake on the resin. Calcium was chosen
to represent the alkaline earths because of its high sensitivity of detection with a flame
photometer.!

Type of resin: Previous studies in this laboratory indicated that a rather high
degree of selective retention of the alkali metals in the presence of other metal ions
could be accomplished on Dowex A-1, a chelating resin, when the resin is used in the
tetramethylammonium ion form and EDTA is used to complex the other metals into
the anionic form.}* To compare the breakthrough capacities of Dowex 50W-X8 and
Dowex A-1, breakthrough curves were determined for each kind of resin using an
influent solution containing 0-01M Li, Na, K and Ca, and 2% in EDTA at pH 7-0
with tetramethylammonium hydroxide.* The breakthrough capacity on Dowex A-1
was 8-0% of its total exchange capacity, whereas on Dowex 50W the breakthrough
capacity was 26 % of its total exchange capacity. It is interesting that in both runs
the order of breakthrough is sodium, potassium, and then lithium. For Dowex A-1
this order has been explained on the basis of chelation of lithium by the iminodiacetic
acid groups on the resin.!®* With Dowex 50W this explanation would not be valid,
but no satisfactory expianation has yet been found. Because of the superior break-
through capacity of Dowex 50W, it is used in all the studies that follow.

TABLE I.—EFFECT OF RESIN COUNTER ION ON ALKALI METAL
BREAKTHROUGH CAPACITY
Influent: 0-0100M in Lit, Na+, K+, Ca*+; 27, in EDTA at pH
7-0 with hydroxide of counter ion;
Resin: Dowex 50W—X8, in counter ion form indicated;
Flow rate: 1-0 ml/min.

Breakthrough capacity

Counter ion (% of total capacity)
NH,* 5-6
(CH,;)N* 26

(C,H;) N+ 28

Type of counter ion: Table I summarises the effect of using Dowex 50W-X8 in the
ammonium ion and tetracthylammonium ion forms as compared to the tetramethyl-
ammonium ion form. It was of considerable interest to compare the effect of substitut-
ing ammonium ion in all places in the procedure where tetramethylammonium ion has
been adopted because the ammonium ion form of the resin is commonly used in cation-
exchange separations of metal ions using chelating agent eluants.!%® The relatively
low efficiency of alkali metal retention in the presence of ammonium ion (56 %) is in
accord with the findings of others.!® Thus, though it could have been predicted on
the basis of steric considerations that the use of tetramethylammonium ion instead of
ammonium jon would result in an improvement in the selective retention of the alkali
metals, the magnitude of the improvement is remarkable. Using tetraethylammonium
ion instead of tetramethylammonium ion could be expected to improve still further
the relative affinity of the resin for the alkali metals. The small improvement over

* Because Dowex A-1 is a weak acid resin and is subject to severe hydrolysis, it was necessary to
make the sample solution for the Dowex A-1 experiment 0-01M in phosphoric acid before adjusting
to pH 7 with tetramethylammonium hydroxide. With the phosphate buffer the effluent pH remained

within 0-1 pH unit of 7; without the buffer the effluent pH rose to 10, and lithium and sodium leaked
very early because of complexing by EDTA."*
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tetramethylammonium ion that is found (28 7/ compared to 26 3;) is probably attrib-
utable to slower rates of diffusion of the tetraethylammonium ion.2® Slower column
flow rates might appreciably improve the alkali retention when using tetraethylammo-
nium ion, but this was not tried.

Degree of resin cross linkage and solution flow rates: Table 1I summarises the
effects of using a higher degree of divinylbenzene (DVB) crosslinkage, and also shows
the flow rate dependence of breakthrough capacity. When 10-0 ml of Dowex 50W-
X12 is substituted for 10-0 ml of Dowex 50W-X8, the fastest flow obtainable without

TABLE I1.—EFFECTS OF DEGREE OF RESIN CROSSLINKAGE AND
SOLUTION FLOW RATES ON ALKALI METAL BREAKTHROUGH CAPACITY
Influent: 0-0100M Lit, Nat, K+; 0-050M Ca?*t; 29 in EDTA at

pH 7-0 with (CH,),NOH;
Resin: Dowex 50W in (CH,),N* form.

Flow Breakthrough capacity
rate, (% of total capacity)
mi[min 8% DVB 12¢, DVB

0-30 — 40

10 24 29

2:5 19 —

TABLE III.—EFFECT OF CONCENTRATION OF EDTA AND CALCIUM ON
ALKALI METAL BREAKTHROUGH CAPACITY
Influent: 0-0100M Li*, Na+, K+; Ca?* at concentration specified; EDTA at
pH 7-0 with (CH,),NOH;
Resin: Dowex 50W-X 8 in (CH,){N* form;
Flow rate: 1-:0 ml/min.

Concentration of EDTA,  Concentration of Ca*¥, Breakthrough capacity

%, wfv molellitre (% of total capacity)
2:0 0-0100 26
20 0-050 24
3-0 0-050 18
4-5 0-110 9

modifying the apparatus used was 0-30 ml/min, in contrast to the rate of 1:0 ml/min
conveniently obtained for all other experiments. A significant improvement in break-
through capacity is realised by using the higher degree of crosslinkage, in agreement
with predictions based on steric effects and swelling pressures.?! Because 0-30 ml/min is
too slow to be convenient, flow rates were increased by attaching 60 cm of 2-mm (i.d.)
capillary tubing below the columns to increase the total head of liquid. Thus, at
1:0 ml/min, the resin with 129 DVB gives only a small improvement (29 %, compared
to 24 9;) over the resin with 8%, DVB. Increasing the flow rate with Dowex-X8 like-
wise decreases the breakthrough capacity, but the dependence does not seem quite so
marked as with the 129 crosslinked resin. Dowex 50W-X8, operated at a flow rate
of 1-:0 ml/min, was chosen for all subsequent studies because of the simplicity of the
column equipment and ease of obtaining the reproducible flow rate of 1-0 mi/min.

Concentration of EDTA and concentration of chelated ions: The more EDTA
contained in the sample solution, the greater is the concentration of multivalent metals
that can be separated from the alkali metals. However, as can be seen from Table 111,
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increasing the concentration of EDTA, and with it the concentration of tetramethyl-
ammonium ion, causes the efficiency of alkali metal uptake to decrease. This decrease
can be qualitatively explained on the basis of the following equilibrium:

RSO,N(CHy), + Na* < RSO,Na + (CH,),N*.

Thus, as the concentration of tetramethylammonium ion increases, the alkali metal
capacity should decrease.

Likewise, increasing the concentration of calcium ion tends to decrease the alkali
metal breakthrough capacity, but the concentration dependence is much smaller than
that of EDTA, because at pH 7 EDTA is predominantly®? in the form HY?*-, and
little extra tetramethylammonium hydroxide need be added to neutralise the hydrogen
ion released in the chelation reaction.

The effect of concentration of multivalent ions on the extent of chelation is dis-
cussed in the next section.

PH and concentration of multivalent ions: Because EDTA complexes with lithium
above pH 8:3 and with sodium above 9-0,2%2 it was necessary to work at pH 8 or
below. On the other hand, EDTA will not complex with many metal ions at low pH,
and in addition, EDTA becomes rather insoluble below pH 4-5.2 Therefore, the
potentially useable pH range for this separation was pH 5-8, with the optimum pH
being the lowest pH at which multivalent metal ions could be complexed quantita-
tively into the anionic form. The lower this pH, the better, because then the tetramethyl-
ammonium ion concentration would be at a minimum, and presumably the efficiency
of alkali retention would be at a maximum. Because barium forms the weakest EDTA
complex of all the multivalent metals,? it was chosen to determine the lower pH limit.
An 0-050M barium ion solution was made 29, in EDTA and adjusted to the required
pH with tetramethylammonium hydroxide. At pH 5 it was found that virtually all the
barium ion was retained by the resin. At pH 7 the breakthrough effluent analysis indi-
cated that approximately 80 9; of the barium was complexed into the anionic form, 20 %
being retained on the resin. At pH 8 the breakthrough effluent analysis indicated quan-
titative complexing of barium. However, elution of the resin with 53 HClindicated that
about 1-2 9 of the total barium had been retained by the resin during the breakthrough
run. Higher pH’s resulted in early breakthrough of lithium, and at pH 10 both
lithium and sodium are complexed and reach influent concentration at around 25-
30ml. Even at pH 10 a trace of barium is retained on the resin.* Because negligible
lithium complexing occurs at pH 8, and only a small amount of barium remains
uncomplexed at this pH, pH 8 was chosen as the optimum pH for the separation.
Tests with varying concentrations of barium revealed that the retention of barium
(as revealed by a SM HCI elution) drops to about 19 in samples containing 0-01 M
barium, and if 0-005M barium is used, only a trace (<0-5%) can be detected. The
concentration level of strontium, which forms the second weakest EDTA complex of
all the multivalent metals, also effects the quantitativeness of its separation from the

* Attempts were made to increase the stability of the barium-EDTA complex by working in 50%
ethanol-water and 5075 dioxan-water, but although the extent of complexing was iricreased, retention
of traces of barium by the resin could not be prevented. Attempts were also made to complex barium
quantitatively with DTPA (diethylenetriaminepenta-acetic acid), which forms a complex with barium
that is over 100-fold stronger than the EDTA complex.?® Although quantitative complexing of

barium could be achieved at pH 10, lithium and sodium were likewise complexed at this pH, and so
no further attempts were made.
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alkali metals at pH 8. Whereas 0-01M strontium appears quantitatively complexed,
0-05M strontium is retained by the resin to the extent of about 2%,. Thus, to keep the
retention level of multivalent metal cations at 19, or below, the concentration of each
of these ions, in general, should be 0-01M or below. Calcium, and metals forming
more stable EDTA complexes than calcium, could probably be tolerated to the extent
of about 0-05M, but the requirement of excess EDTA further restricts the total
concentration of multivalent metals to about 0-05M when 29, EDTA is used.
Concentration of alkali metals: Table IV shows the effect of various concentration
levels of alkali metals on the alkali metal breakthrough capacity. The sharp drop in
breakthrough capacity at trace concentrations of the alkali metals is not surprising in
view of the high ratio of tetramethylammonium ions to alkali metal ions at these

TABLE IV.—EFFECT OF CONCENTRATION OF ALKALI METALS
ON ALKALI METAL BREAKTHROUGH CAPACITY
Influent: 0-0100M Ca?+; Li+, Nat, K+ at concentration indicated; 2%
EDTA at pH 8-0 with (CH;),NOH;
Resin: Dowex 50W-X8 in (CH,),N* form;
Flow rate: 1-0 ml/min.

Concentration of Breakthrough capacity
Li+, Na*, K+, (% of total capacity)
mole/litre
1-00 x 10! 49
1-:00 x 102 20
1-00 x 103 32
1-00 x 10-* 0-34

concentrations. At 10-3M alkali metals the ratio of tetramethylammonium ions to
alkali metal ions is approximately 100:1, and at 10—*Af alkali metals the ratio is about
1000:1. These are rather startling competitive odds against the retention of the alkali
metals, especially in view of the weakness with which the alkali metals are normally
held. Nevertheless, the low breakthrough capacities at the 102M and 10—%M levels of
alkali metals should not detract from the usefulness of this technique at low concentra-
tions. Itisstill possible to achieveexcellent separations of alkali metals from multivalent
metals. For example, with a sample containing 10~*M alkali metals under the con-
ditions given in Table IV, over 140 ml of sample solution can be passed through 10 ml
of Dowex 50W-X8 in the tetramethylammonium ion form before the first break-
through of the alkali metals occurs. (Sodium breaks through at 144 ml, potassium at
188 ml and lithium at 278 ml.) After washing with 20 ml of water, 5M HCI elutes
the retained alkali metals quantitatively in less than 20 ml, giving a peak concentration
of each of the alkali metal ions of approximately 10-2M, representing a 100-fold
increase in the sensitivity with which they can be detected flame photometrically.
Over the 20-ml fraction, the average concentration of each of the alkali metals is
10—3M, representing a 10-fold concentration factor over the original sample.

Length of the resin bed: Although the majority of the separations were made with
10-0 ml of resin, several runs were repeated with 5-0 and 15-0 ml of resin to test the
effect of length of the resin bed on the alkali metal breakthrough capacity. In all
cases the relative breakthrough capacity (percentage of total exchange capacity)
remained the same within the accuracy and reproducibility of measuring breakthrough
volumes (about £+ 3 ml). Thus, the breakthrough capacity figures cited should be
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useful in estimating the amount of resin that should be used to isolate a given amount
of alkali metals.

CONCLUSIONS

Results presented in this paper emphasise the separation of the alkali metals from
the alkaline earths. Because other multivalent metals form even stronger EDTA
complexes than do the alkaline earths,?® the method described should be useful to
separate a great many of these metals from the alkali metals, provided that an excess of
EDTA is maintained. The separation of cadmium from the alkali metals is given as
an example. The separation and isolation of the alkali group metals is simple and
rapid and serves as a way of concentrating dilute solutions of these metals. The
method is only useful for a separation of the alkali metals as a group. Further
separation of the individual elements was not attempted, but should be possible using
any of a number of separation procedures that have been devised.?13

In this procedure the original sample solution is completely freed of alkali metals.
If, for example, one were determining the alkaline earths by flame photometry, the
complete removal of the alkali metals should contribute greatly to the ease and
accuracy of the analysis. At the same time, the presence of EDTA in the sample
solution should have the advantage of minimising anion interferences in the flame
photometric analysis.2
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Zusammenfassung—Die Gruppe der Alkalimetalle kann von mehr-
wertigen Metallen schnell getrennt werden durch portionsweise
Komplexbildung der mehrwertigen Metalle mit EDTA bei pH 8 und
Passieren der Losung durch einen Kationenaustauscher in der Tetra-
methylammonium-Form. Nach Isolierung der Alkalimetalle auf dem
Harz kann die ganze Gruppe schnell eluiert und konzentriert werden.
Trennungen der Alkalimetalle von Erdalkalien und Cadmium werden
gezeigt. Bedingungen, die den Wirkungsgrad der Alkalimetallauf-
nahme beginflussen, wurden im einzelnen untersucht.

Résumé—On peut séparer rapidement les métaux alcalins, en tant que
groupe, des métaux polyvalents, en complexant au préalable I’ensemble
de ceux-ci au moyen ’EDTA 2 pH 8, puis en passant la solution sur
une résine cationique sous forme ion tétraméthylammonium. Aprés
isolement des métaux alcalins sur la résine, on peut les éluer rapidement
en tant que groupe et les concentrer. On présente, a titre d’exemple,
des séparations des métaux alcalins d’alcalino-terreux et de cadmium.
On a étudié en détail les variables affectant P'efficacité de ’absorption
des métaux alcalins.
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Summary—A highly precise method of determining beryllium, based
on the precipitation of hexamminecobalt(III) hexacarbonato-oxo-
tetraberyllate, is described. The complex is decomposed by fuming
with sulphuric acid and the cobalt(IIy produced determined by
weight titration with standard 0-1M EDTA and back-titration with
0-01M cobalt(Il). The titration is carried out at pH 8-5-9-0 in a
potassium carbonate-bicarbonate buffer and in the presence of potas-
sium thiocyanate, tetraphenylarsonium chloride and chloroform.
The end-point is indicated by the appearance i the chloroform layer
of the blue colour of the ion-association pair, tetraphenylarsonium
tetrathiocyanatocobaltate(II). A precision of 0-02 97 has been obtained,
which is much better than that possible with any other method for
determining beryllium. There appears to be a negative bias not
exceeding 0-1 3 which cannot yet be explained.

IN Part I' it was shown that the precipitate obtained when hexamminecobalt(III)
chloride is added to a solution of beryllium in excess ammonium carbonate is hexam-
minecobalt(IIT) hexacarbonato-oxo-tetraberyllate, which contains a variable amount
or water depending on the humidity of the atmosphere with which the compound is in
equilibrium. Also, it was shown that a reasonably reproducible composition, corre-
sponding to the presence of about 11 molecules of water, could be assured by con-
ditioning the precipitate at a definite relative humidity in the range 32-80 %, but it was
considered that for analyses of the highest precision it was best to avoid weighing a
precipitate of non-stoichiometric composition. Consideration was therefore given to an
indirect determination of beryllium based on evaluation of the cobalt in the precipitate
and the development of a highly precise procedure of this kind is described below.

The determination of beryllium via the cobalt content of hexamminecobalt(III)
carbonatoberyllate was described by Misumi and Taketatsu,2 who decomposed the
precipitate by heating with potassium hydroxide solution, dissolved the resulting
cobalt hydroxide in acid and titrated the cobalt(II) with standard 0-01 M EDTA using
Murexide as indicator. The amounts of beryllium determined were 0-7-3-5 mg,
corresponding to about 2-3-11-5 mg of cobalt. For high-precision work, quantities of
about 50 mg of beryllium or 160 mg of cobalt are needed and under these conditions
we found that the intensity of colour of the cobalt(I)-EDTA complex masks any
indicator colour. Alternative methods of determining cobalt, including gravimetric
techniques, were considered, but it was soon apparent that EDTA titration was the
most promising field for study. Foster and Williams® showed that the best gravimetric
technique is only capable of an accuracy of 0-1-0-2%;. This involves the precipitation
and weighing of CoNH,PO,-H,O and the spectrophotometric determination of the
unprecipitated cobalt in the filtrate.

* Part I: see reference 1.

91



92 R. G. Monk and K. A. EXELBY

Titration of cobalt with EDTA

The high effective? stability constant of the cobalt(II)-EDTA complex, varying from
about 10 at pH 5 to 10® at pH 10, ensures that the reaction between cobalt(II) and
EDTA is stoichiometric in this pH range, and if a suitable method of equivalence point
detection can be found it should be possible to carry out the titration very accurately.
The best method of detecting the equivalence point in this case was that described by
Cameron and Gibson.> These workers showed that cobalt may be determined by
adding excess EDTA and back-titrating with cobalt in the presence of potassium
thiocyanate, triphenylmethylarsonium chloride and chloroform. The end-point is
indicated by the appearance in the chloroform layer of the blue colour of the ex-
tracted ion-association pair, triphenylmethylarsonium tetrathiocyanatocobaltate(1I)
[(C¢H;)sCH3As],[Co(CNS),2-]. Using 0-01M solutions they determined 1-6 mg of
cobalt with an accuracy of about 0-59; at the higher level, but it appeared to us that
much higher precision should be possible by the use of larger amounts of cobalt.
We have found this to be the case and have used the method for titrating about 160 mg
of cobalt, i.e., the amount combined with about 50 mg of beryllium in the precipitate.

Cameron and Gibson showed that the (CgH;),Ast and (CgH;),(CH;),Ast cations
also give ion association complexes with Co(CNS),%~ suitable for extractive end-point
indication. They showed that end-points can be obtained over the pH range 5-10, but
pointed out that a high pH is desirable to stabilise the cobalt-EDTA complex. They
recommended an ammoniacal buffer with a pH of 9-3 and indicated the ranges of
reagent concentrations—potassium thiocyanate, pH 9-3 buffer and 19 triphenyl-
methylarsonium chloride—that can be used.

In our work tetraphenylarsonium chloride was used because it was readily available.
To avoid precipitation of beryllium in the titration an acetate buffer giving a pH of 5-5
was used initially. Later, to improve the sharpness of the end-point, consideration was
given to possible ways of carrying out the titration at a higher pH while retaining
beryllium in solution. A potassium carbonate-bicarbonate solution, giving a final pH
of 8-:5-9-0, was found to be suitable and was adopted; the end-point is considerably
sharper under these conditions. An ammonium carbonate solution at a similar pH
cannot be used because the quantity required to complex 50 mg of beryllium destroys
the end-point completely. The ammonia concentration required is about 10 times that
contained in the amount of buffer recommended by Cameron and Gibson for the
cobalt titration and it appears that under these conditions ammino complexes are
formed in preference to the Co(CNS),* ion.

All titrations are carried out by weight using polythene ampoules, holding 50-60 g
of solution, as weight burettes. The main titration is performed with 0-1 weight-
molar EDTA and the small excess back-titrated with 0-01 weight-molar cobalt(II).
To minimise pH changes in titration the EDTA solution is made up with sufficient
sodium hydroxide to give the tetrasodium salt.

Conditions for precipitating hexamminecobalt(IIT) hexacarbonato-oxo-tetraberyllate

To maintain beryllium in solution as the hexacarbonato-oxo-tetraberyllate anion
a large excess of ammonium carbonate is required. Also, a high concentration of
carbonate is needed to ensure the ready dissolution of the precipitate produced
initially on adding ammonium carbonate to the beryllium solution. Now the hexam-
minecobalt(I1I) compound is appreciably soluble in solutions of electrolytes and this is
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noticeable in ammonium carbonate solutions of 109 or higher strength as are used in
this determination. If a little hexamminecobalt(III) chloride solution is added to such
a solution containing beryllium no precipitate is formed at first or, if any is produced
locally, it redissolves. Dilution of the solution at this stage results in precipitation of
the complex. If more precipitant is added to the solution without dilution the precipi-
tate is formed fairly slowly and separates as coarse, easily filterable crystals. However,
if precipitation is carried out from a solution more dilute than about 79/ in ammonium
carbonate, the precipitate is formed immediately in a very fine condition and tends to
clog in filtration. There is, therefore, considerable advantage to be gained in carrying
out the precipitation from strong ammonium carbonate solution. However, when the
bulk of the precipitate has separated, it is necessary to dilute the solution to ensure
complete precipitation of beryllium. This point was not appreciated when the work
described in Part I was done and, as noted there, only 99-5-99-8 7, of the added
beryllium was precipitated. In this connection it may be noted that in Pirtea’s first
paper® no mention of dilution is made although 2-10 g of solid ammonium carbonate
are added to a solution of 5-50-ml volume. However, Pirtea and Constantinescu,’
after the addition of the hexamminecobalt(III) chloride, prescribe dilution to a total
salt concentration of 2-3 9.

Because the method has been devised for application to metallic beryllium, most of
the work has been carried out with 50-mg samples. For the determination of very
much smaller amounts, the quantities of reagents can be scaled down. However, a few
experiments have been carried out, using the same conditions of precipitation, but with
variations of post-precipitation treatment, on 10- and 1-mg amounts of beryllium in
order to determine whether precipitation is quantitative. It was as a result of these
experiments that the shaking time of I hr was introduced as an additional precaution, to
ensure establishment of equilibrium between solution and precipitate; in most of the
work reported here the solution was merely allowed to stand for 1 hr after dilution
with water.

Decomposition of the complex

It is necessary to convert the cobalt in the precipitate to cobalt(II) for titration with
EDTA. The hexamminecobalt(III) complex is very stable and drastic treatment is
necessary. Misumi and Taketatsu heated with potassium hydroxide, but this method
is troublesome because of bumping and the precipitated cobalt hydroxide must be
dissolved in acid. We have found that heating to fumes with sulphuric acid is more
satisfactory and convenient, but this stage of the procedure is inevitably somewhat slow
and needs to be carried out with care to ensure complete decomposition and avoidance
of losses by spray. Because of the separation of beryllium and cobalt(II) sulphates a
considerable excess of sulphuric acid is necessary to avoid spitting; the neutralisation
of this excess acid with sodium hydroxide before adding the potassium carbonate-
bicarbonate buffer is then necessary and this step accounts for about 759 of the total
blank titration, which corresponds to 0-:05-0-1 9 of beryllium on 50 mg.

EXPERIMENTAL

The optimum amount of beryllium for the determination is about 50 mg. This corresponds to
about 1-3 g of precipitate and about 30 g of 0-1M EDTA. Increasing the weight of beryllium would
mean increasing the amounts of reagents and volume of the solution and also prolong the time for
filtration. Decreasing the amount would tend to reduce the accuracy of the determination by reducing
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the amount for titration. Fifty mg is rather a small weight of metal to weigh accurately and, even if
this were not so, this amount may be unrepresentative of the sample. Consequently, it is necessary
to make a solution of the metal of accurately known concentration and weigh out portions for analysis.

To reduce experimental errors it is desirable to minimise the number of trans?ers of material from
one vessel to another and, in particular, to avoid the conventional transfer of the precipitate from
beaker to filter. Therefore, a vessel was designed in which the precipitation, filtration, decomposition
of the precipitate and final titration were all carried out. This consisted of a conical flask (ca. 200 ml)
fitted with two necks opposite each other and each at an angle of about 25° with the vertical axis of
the flask. One neck had a B10 ground glass socket and stopper. The other had a B24 socket to
which was fitted either a stopper or a cone attached to a tube in which a 15-mm diameter X4 sintered
glass disc was sealed. The other end of the glass tube was drawn down for connection to the vacuum
line via rubber tubing. The glass joints could be held together as required by springs attached to
glass lugs sealed to the flask, B10 stopper and B24 cone with filter.

For precipitation and filtration the vessel was used in the same manner as a micro-filter beaker.
The precipitate was then washed back into the flask and dissolved by 207, v/v sulphuric acid forced
back through the sinter by suction applied at the B10 neck. In the final titration of the cobalt the
B10 stopper was held in position by the springs and the titrants added through the B24 neck.

The above apparatus was used for all the work described in this paper. More recently we have
simplified the apparatus and now use an ordinary 500-ml stoppered conical flask with a B29 neck.
Filtration is carried out by means of a filter stick, which is inserted into the flask when needed. The
procedure as described below uses the simplified apparatus.

Reagents

All reagents must be of analytical reagent grade quality.

Ammonium carbonate-EDTA solution. Dissolve 250 g of ammonium carbonate and 4 g of disodium
dihydrogen ethylenediaminetetra-acetate dihydrate by stirring with 120 mi of concentrated aqueous
ammonia and 500 ml water. Dilute to 11.

5% Hexamminecobalt(111) chloride solution

Wash solutions. (a) 0-2% Hexamminecobalt(IIT) chloride solution; (b) 60% v/v ethanol and
water

209 v|v Sulphuric acid solution.

25% w/|v Sodium hydroxide solution.

Potassium carbonate-bicarbonate-thiocyanate solution. Dissolve 43 g of potassium carbonate,
123 g of potassium bicarbonate and 133 g of potassium thiocyanate in water and dilute to 1 1.

Acetate buffer (pH 4-5). Dissolve 136 g of hydrated sodium acetate in water, add 57 ml of glacial
acetic acid and dilute to 1 1.

2% w/v Tetraphenylarsonium chloride solution

Dithizone solution. 0-005%; in ethanol prepared freshly as required.

0-1M EDTA solution (tetrasodium salt). Dissolve 37:2 g of disodium dihydrogen ethylenediamine-
tetra-acetate dihydrate and 8-0 g of sodium hydroxide in water and dilute to 11. Standardise as
described below. Store in a Polythene bottle.

0-01M EDTA solution. Weigh out about 5 g of 0-1M EDTA solution and dilute accurately to
about 50 g.

0-01Mgcabalt solution. 0-28 g of cobalt sulphate heptahydrate dissolved in 100 ml of solution.
Standardise as described below.

Apparatus

250-ml conical flasks with B24 ground glass necks and stoppers.

500-ml conical flasks with B29 ground glass necks and hollow stoppers.

Air-cooled reflux condensers with B24 cones.

Filter sticks. 15-mm diameter X4 disc, sealed into flared out end of glass tube (0.d. 6 mm};
total length 15 cm.

2-oz Polythene ampoules with jets delivering not more than 0-02-g drops.

Procedure

Weigh out (to 0-01 mg) about 0-5 g of the beryllium sample and transfer it to a clean dry 250-ml
conical flask with a B24 neck. The flask should previously have been weighed to the nearest 1 mg
with its stopper present. Add a few ml of water, fit a reflux air-condenser to the flask and add 15 mi
of concentrated hydrochloric acid, a few ml at a time, so that the reaction is always under control.
When there is no further reaction add a few drops of concentrated nitric acid and heat until a clear
solution is obtained.
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Sometimes the solution remains cloudy because of undissolved beryllium oxide. In this case add
10 ml of concentrated sulphuric acid to the cooled solution, wash down the inside of the condenser
and remove it from the flask. Carefully evaporate the solution without allowing it to boil by standing
the flask on an asbestos-covered hot-plate. Dissolution of the oxide is normally complete by the
time fumes of sulphuric acid appear, so, at this stage, remove the flask from the hot-plate and allow
to cool. Dilute the solution by carefully adding 10 ml of water, cooling the flask at the same time.

Dilute to about 60 ml am{ add concentrated aqueous ammonia until a small permanent pre-
cipitate appears. Add 1M hydrochloric acid until a clear solution is obtained, being careful to ensure
complete dissolution of any beryllium hydroxide adhering to the glass. Dilute to 70-90 ml, allow
to come to room temperature, wipe dry the inside of the ground glass neck, stopper the flask and weigh
it to the nearest 1 mg. Mix the contents of the flask thoroughly and transfer 50-60 g to a dry polythene
ampoule.

PI‘oransfcr 20 ml of ammonium carbonate-EDTA solution to a 500-ml conical flask with a B29
ground glass neck. Into this weigh out a quantity of beryllium solution containing about 0-05 g of
beryllium, gently swirling the flask and contents all the time to help redissolve precipitated basic

llium compounds. Heat to 60-70° for a few min, remove from the hot plate, and, after
ensuring that all traces of precipitate have been dissolved, add 30 ml of 59, hexamminecobalt(II1)
chloride solution. Allow to stand for 5 min, add 100 ml of water, stopper the flask and agitate
gently for 1 hr using a mechanical shaker. (Note. The shaking should be just sufficient to maintain
the precipitate in suspension.)

Filter by suction through a filter-stick inserted into the flask and wash thoroughly with (a) 0-2%;
hexamminecobalt(III) chloride and (b) 607, ethanol, paying particular attention to the walls of the
flask and breaking up the pad of precipitate two or three times during the ethanol washes. About
four 10-mi portions of (a) and six 10-ml portions of (b) should be adequate. If hold-up of liquor
inside the filter-stick exceeds about 1 ml, a further two 10-ml washes with 609, ethanol should be
used to ensure complete removal of cobalt.

Remove the suction-tube from the filter-stick and add 10 mi of water and 5 ml of 209 v/v sul-
phuric acid to the contents of the flask. Cover the flask with a watch glass, mix the contents and add
a further 20 ml of 209 v/v sulphuric acid when effervescence ceases. Heat until a clear solution is
obtained, lift the filter-stick from the solution and wash it, collecting the rinsings in the main solution;
to wash the inside, force portions of water through the sinter by means of a squeeze buib.

Cover the flask with the watch glass and evaporate slowly until decomposition occurs and the
orange solution turns dark red, indicating conversion of the cobalt to the bivalent state. When fumes
of sulphuric acid are evolved copiously, cool the flask and carefully rinse the watch-glass and inside
walls of the flask with a little water to wash back a small amount of spray. Again evaporate the
solution to fumes and continue heating until a stage is reached at which most of the beryllium and
cobalt sulphates have precipitated and the supernate is colourless. Cool, dilute carefully with 20 ml
water and heat until a clear solution is obtained. Again cool.

Calculate the expected weight of 0-1M EDTA solution needed to complex the cobalt and add
about 0-59 less than this from a polythene ampoule. Carefully neutralise the solution with 25%;
sodium hydroxide solution, continuing the addition until a slight permanent precipitate of beryllium
hydroxide is produced; about 25 ml will be needed. Add 30 ml of potassium carbonate-bicarbonate-
thiocyanate solution and warm until a clear solution is obtained. Cool to room temperature.

Add 5ml of 29 tetraphenylarsonium chloride solution and 10 ml of chloroform, stopper the
flask and shake once or twice. Carefully open the stopper to release the pressure and repeat the
procedure until pressure is no longer generated. Then shake vigorously and invert the flask so that
the chloroform layer runs into the hollow stopper and can be viewed against a white background.
The layer should be blue, indicating excess untitrated cobalt. Titrate with 0-1M EDTA until the
chloroform layer is colourless, shaking very thoroughly after each addition of titrant.

Back-titrate with 0-01M cobalt solution to the first appearance of blue in the chloroform layer.
Less shaking is necessary in the back-titration because equilibrium is more quickly reached in the
extraction of cobalt from the aqueous into the chloroform phase than vice versa.

Standardisation of solutions

Standardisation of 0-1M EDTA against 99-9997, zinc. Cut a piece weighing 0-8-1-2 g, from a stick
of 99-9997, zinc and immerse it in 209, hydrochloric acid for a few min. Wash with water and
acetone, dry and weigh t0.0-01 mg.

Transfer the zinc to a weighed 250-ml conical flask with a B24 neck, add a few ml of water and
fit an air-cooled reflux condenser. Add 5 ml of concentrated hydrochloric acid and warm until the
zinc has completely dissolved (2-3 hr). Cool, add 6M aqueous ammonia until a permanent pre-
cipitate forms and redissolve by the dropwise addition of 1M hydrochloric acid. Cool and dilute
to 70-90 g. Allow to come to room temperature, wipe dry the inside of the ground glass neck,

8
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stopper the flask and weigh it to the nearest 0-1 mg. Mix the contents of the flask thoroughly and
transfer 5060 g to a dry polythene ampoule. Calculate the molarity of the zinc solution.

Weigh out about 20 g of the 0-1M EDTA solution into a 250-ml conical flask and add 10 ml of
acetate buffer (pH 4-5), 1 mi of 0-0059; dithizone and 50 ml of ethanol. Titrate with zinc solution
until the pale green colour changes to pink, then back-titrate with 0-01M EDTA.

Carry out a titration exactly as above but with 20 ml of water instead of 0-1M EDTA.

Let the molarities of the zinc and main EDTA (0-1M nominal) solutions be X and Y, respectively,
and let 1 g of weak EDTA = o g of main EDTA solution.

First titration: If E, g of main EDTA and e, g of weak EDTA require Z, g of zinc solution,

(E, + ae))Y = Z;X + Blank.

Second titration: If e, g of weak EDTA require Z, g of zinc solution,

ae,Y = Z,X + Blank
and
@ —zx_
E, + a(e; — ey’

Standardisation of cobalt solution. Transfer 30 mi of potassium carbonate-bicarbonate-thiocya-
nate solution to a 500-ml glass-stoppered conical flask and add 50 ml of water. Weigh out about
1 g of 0-1M EDTA solution into the flask, add 5 ml of 29/ tetraphenylarsonium chloride solution
and 10 mi of chloroform, and titrate with the cobait solution as already described for the beryliium
determination. Similarly, titrate I or 2 drops (0-02-0-05 g) of 0-1M EDTA.

From the differences between the two titrations calculate the number of grams of EDTA equivalent
to 1 g of cobalt solution (f). The blank from the potassium carbonate-bicarbonate-thiocyanate
may be calculated to check reagent purity.

Determination of main titration blank. Transfer 25 ml of 25 % sodium hydroxide to a 500-ml glass
stoppered flask and carefully neutralise with 2094 v/v sulphuric acid using Methyl Red as indicator.
Make just alkaline with 29 alkali, added dropwise, cool and add 30 ml of potassium carbonate-
bicarbonate-thiocyanate, 5 mi of 29 tetraphenylarsonium chioride and 10 mi of chloroform. Into
the solution weigl{ out 0-05-0-1 g of 0-1M EDTA and titrate with the cobalt solution.

If E; g of YM EDTA take Co g of cobalt solution,

E, = Blank + BC;
and Blank = E; — C; = B.

Y =

Calculation of beryllium content of sample
Let the weight of beryllium metal taken = M g,
the total weight of metal solution = T g,
the weight of solution taken for analysis = S g,
the weight of YM EDTA used = E g,
and the weight of cobalt solution = C g.
Hence: Beryllium in sample analysed = E g of YM EDTA — C g of Cobalt solution — Blank
= (E — fC — B) g of YM EDTA.

Because the precipitate contains 2 atoms of beryllium/atom of cobalt, and EDTA gives a 1:1 complex

with cobalt:
Equivalent weight of beryllium = 9-0122 X 2 = 18-0244.

A correction for buoyancy must be applied. The only weights affected are those of zinc and
beryllium metal. Taking the densities of zinc and beryllium as 7-14 and 1-85, respectively, and the
mean density of air as 0-00120, the correction factor becomes 0-99952.

Thus:
i i e — 180244 x 0-99952 YT(E — C — B) x 100,
Beryllium in sample = 1,000 MS %

_1:8016 YT(E — C — B)V
- MS o
The atomic weights used are based on the *C = 12 scale,® in which zinc = 65:37.
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RESULTS

Cobalt titration at pH 5'5

In these determinations an acetate buffer was used, the other reagents being the
same as in the recommended procedure. Five ml of glacial acetic acid were added to
the solution and the pH adjusted to 5-5 with 6M aqueous ammonia. Although
titrations were carried out by weight, as already described, the beryllium solution was
prepared by dissolving a weighed portion of vacuum distilied beryllium metal in acid
and making up to 11. in a calibrated volumetric flask. Determinations were then
carried out on 50-ml portions of solution measured with a calibrated pipette.

Twenty determinations gave a mean value of 99-92 9/ of beryllium and a standard
deviation of 0-04 %,

Cobalt titration at pH 8:5-9-0

Six different samples of beryllium metal were analysed as described in the recom-
mended procedure and the results are given in Table 1.

TABLE I.-—DETERMINATION OF BERYLLIUM IN METAL SAMPLES BY THE PROPOSED METHOD

Sum of impurities
(C, 0, Al, Cr, Cu,
Be, % Fe, Mg, Mn, N, Ni,  Sum of Be content
Individual Si), and impurities,
Sample results Mean % %

Pechiney S.R. 99-63 99-72 0-07 99-79
99-75
9974
99-72
99-71
99-73

Vacuum 9990 99-90 — 99-90
Distilled 99-89

A 98:36 98-39 1-47 99-86
98-36
98-44

B 98-21 98-20 1-66 99-86
98:17
98-20
98-19
98-21

C 98-59 98-60 — —
98-60

D 98:93 98-92 0-88 99-80
98-93
98-90

Combining all the results in Table I the relative standard deviation is 0-02 %, for
the method at the 50-mg level, i.e., 0-01 mg of Be.

The results of the experiments with 10- and 1-mg amounts of beryllium are given in
Table II. The figures in column 3 for the amounts of beryllium taken are calculated
from the results obtained on the same beryllium metal solution at the 50-mg level.
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DISCUSSION

The relative standard deviation of 0-029/ calculated from the results of Table I
shows that the method is highly precise—very much more so than any other method
hitherto described for the determination of beryllium. It is, incidentally, interesting to
note the high precision attainable in EDTA titrations when adequate equivalence-
point indications are available. We obtained a relative standard deviation of 0-01 %
in the titration of zinc using dithizone as indicator. The precision of the cobalt titration
was not determined separately but is included in the over-all figure of 0-02 %;.

As regards the accuracy of the method, this cannot be evaluated precisely but it will
be noted from the last column of Table I that the sum of the beryllium content and
principal impurities is less than 1009,. The discrepancy varies between 0-19% and
0-2%;, a variation much larger than the random error in the method and it is evident
that part of the discrepancy at least must lie outside the beryllium determination;
there will doubtless be some contribution from undetermined impurities and there
may be some errors in those that have been determined. Even so, the results on the
purest samples (Pechiney S.R. and the vacuum distilled) cannot be wholly accounted
for on this basis. We believe that the vacuum distilled material is very close to 100-0 %/
beryllium and that our result on this sample may therefore be 0-109; low. This
appears to be the maximum systematic error in the method.

TABLE II.—EFFECT OF POST-PRECIPITATION TREATMENT ON RECOVERY
OF SMALL AMOUNTS OF BERYLLIUM

Expt. Post-precipitation Be taken, Be found, Error,
no. treatment mg mg mg
1 Stood for 1 hr 10-985 10-993 +-0-008
2 Stood for 1 hr 0-993 0-921 —0-072
3 Stood for 1 hr 1-014 0-541 —0473
4 Stood overnight 1110 0-723 —0-387
5 Shaken for 1 hr 9-096 9-109 +0-013
6 Shaken for 1 hr 0-897 0-844 —0-053
7 Shaken for 1 hr and 0-939 0-934 —0-005
8 stood overnight 1-068 1-048 —0-020

It is difficult to account for a systematic negative error of 0-1% and the first
possibility to consider is incomplete precipitation of beryllium. This might arise in
two ways (a) true solubility of the complex in the mother liquor, and (b) super-
saturation because of non-establishment of equilibrium between precipitate and
solution. The experiments using small amounts of beryllium (Table II) throw light
on this question. The results of experiments 1 and 5 on about 10 mg of beryllium show
slight positive errors and, at this level, no significant difference follows from shaking
rather than standing for 1 hr. Therefore, we conclude that for 10 mg of beryllium and
above, equilibrium is established very quickly after precipitation and dilution, and that
the solubility of the complex in the mother liquor is negligible.

At this point one should take into account the uncertainty in the figure for the
amount of beryllium taken arising from the fact that it is based on an analysis at the
50-mg level by the same method. If the method gives results 0-1 %, low, then we must
increase the figures for beryllium taken by 0-19;. This has the effect of reducing the
positive errors in experiments 1 and 5 to only —0-003 and +0-004 mg, respectively.
The effect on the results with 1 mg of beryllium is 0-001 mg, which is quite negligible.
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The results with 1-mg amounts of beryllium are obviously dependent on post-
precipitation treatment and it is clear from experiments 2, 3 and 4 that standing with-
out agitation is insufficient to establish equilibrium between precipitate and solution.
In only one experiment, number 7, where shaking for 1 hr and standing overnight were
employed, was equilibrium established, and in this case the result again shows that the
true solubility of the complex in the mother liquor is negligible. Experiment 7 gave a
result indicating not quite complete equilibrium conditions, while intermediate results
were given in experiments 2 and 6.

One need not be surprised at the results using 1 mg of beryllium because, at this
level, the ratio of surface area of precipitate to volume of solution is very low indeed,
and the extreme conditions of these experiments would be avoided in normal analysis.
It is clear from the results with 10-mg and 50-mg amounts that the procedure used
involving standing 1 hr after precipitation is adequate. However, as an additional
safeguard we have introduced a shaking for 1 hr after precipitation into the recom-
mended procedure.

Another possible source of systematic error lies in the atomic weight of zinc, the
standard used in the determination. Wichers8 lists zinc among the elements whose
atomic weights are of lower accuracy than the rest. He states ““It is not possible to
estimate the uncertainties in the atomic weights of these elements beyond saying that
they do not exceed 0-05%; and in a number of cases may be no more than 0-01°%,.”
In the case of zinc, the discrepancy that exists between the chemical atomic weight
(65-370-65-376), which is that recommended, and that determined mass spectro-
metrically (65:387) is about 0-039,. However, the use of the mass-spectrometric
atomic weight would make matters worse by decreasing the apparent beryllium content
by 0-03 9.

At the moment we cannot account for the apparent slight negative bias in the
method, but, while its existence should not be overlooked, the error does not detract
from the usefulness of the procedure.

Acknowledgement—Our thanks are due to Mr. D. ). Taylor for carrying out some of the determina-
tions.

Zusammenfassung—Eine sehr genaue Methode zur Berylliumbest-
immung auf Grund der Fillung von Hexamminkobalt(III)-hexa-
carbonato-oxo-tetraberyllat wird beschrieben. Der Komplex wird
durch Abrauchen mit Schwefelsdure zersetzt und das gebildete Kobalt-
(ID) durch Wigetitration mit eingestellter 0,1 m EDTA und Riick-
titration mit 0,01 m Kobalt(II) bestimmt. Die Titration wird bei
pH 8,5-9,0 in Kaliumcarbonat-Bicarbonat-Puffer und in Gegenwart
von Kaliumrhodanid, Tetraphenylarsoniumchlorid und Chloroform
ausgefilhrt. Der Endpunkt wird durch Erscheinen einer blauen
Firbung in der Chloroformphase angezeigt, die von dem Ionenpaar
Tetraphenylarsonium-tetrarhodanocobaltat(I) herriihrt. Eine Ge-
nauigkeit von 0,029, wurde erreicht; sie ist viel besser als bei irgend
ciner anderen Bestimmungsmethode fiir Beryllium. Es scheint eine
negative systematische Abweichung von hochstens 0,19 vorzuliegen,
die noch nicht erklirbar ist.

Résumé—On décrit une méthode hautement précise de dosage du
beryllium, basée sur la précipitation de I’hexacarbonato-oxo-tétra-
beryllate. Le complexe est décomposé par action de I'acide sulfurique,
et le cobalt(ll) produit est dosé par addition d’un excés de solution
titrée 0,1 M d’EDTA, et titrage en retour par une solution 0,01 M de
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cobalt(II). Le dosage est mené 4 pH 8,5-9,0 dans un tampon carbonate-
bicarbonate de potassium, et en présence de sulfocyanure de potassium,
chlorure de tétraphénylarsonium et chloroforme. Le point final est
indiqué par I’apparition d’une coloration bleue dans la couche chloro-
formique, dile 4 P’association ionique tétraphénylarsonium-tétra-
thiocyanatocobaltate(II). On a obtenu une précision de 0,02%;, de
beaucoup supérieure a celle observée avec n’importe quelle autre
méthode de dosage du béryllium. Il semble y avoir un écart négatif
n’excédant pas 0,19, que I'on n’a encore pu expliquer.
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PRECIPITATION OF ZIRCONIUM TETRAMANDELATE
FROM HOMOGENEOUS SOLUTION
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Ohio 44106, U.S.A.
and
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(Received 22 September 1964. Accepted 2 October 1964)

Summary—Hydroxypropyl mandelate has been found to be a satis-
factory reagent for the in situ generation of mandelic acid for use in
precipitation from homogeneous solution.

In 1947 Kumins! proposed the use of mandelic acid as a highly selective reagent
for the gravimetric determination of zirconium. There have been several subsequent
investigations dealing with its use as a reagent for zirconium?-® and for the pre-
cipitation of scandium,® trace plutonium,!? and the fractional separation of the rare
earths.!

The present investigation was undertaken to explore the usefulness of hydroxy-
propyl mandelate as a reagent for the in siru generation of mandelic acid. Zirconium
was chosen as the model ion to test the effectiveness of the reagent.

EXPERIMENTAL
Reagents

Zirconium solutions: A solution of zirconium oxychloride, ZrOCl,-8H,O (Fisher Scientific,
Pittsburgh 19, Pennsylvania, U.S.A.), was prepared in 4M HCI, and the zirconium concentration was
determined gravimetrically by precipitation as the hydroxide! and the mandelate.!

Mandelic acid solution: 160 g of mandelic acid (Eastman Organic Chemicals, Distillation Products
Industries, Rochester 3, New York, U.S.A.) were dissolved in water to prepare 1 litre of aqueous
solution.

Hydroxypropyl mandelate: This ester (synthesised by Burdick and Jackson Laboratories, Mus-
kegon, Michigan, U.S.A.) is presumed to be a mixture of the two isomers 2-hydroxy-1-propyl
mandelate and 1-hydroxy-2-propyl mandelate. It was obtained as a thick viscous syrup which was
subsequently diluted slightly with methanol to 88 ;(w/w) ester content, to afford a freely flowing syrup
which was used as such in the analytical work.

All other chemicals were reagent-grade.

Procedure

Add sufficient HCI to 5-150 mg of zirconium in a 150-ml beaker to prepare 100 ml of a 5-6M
acid solution. Add 10-12 g of hydroxypropyl mandelate syrup mixture with stirring. Cover the
beaker with a watchglass and place on an electric hot-plate regulated to maintain a temperature of
approximately 80° for 3 hr. The determination can be concluded by either of the following methods.

Method A: Filter the hot solution through a medium-porosity ignition crucible, washing the
precipitate with no more than 150 ml of hot wash solution (5% mandelic acid and 2%, HCI). Ignite
the precipitate to 975°:

Weight of ZrO, x 0-7403 = weight of Zr.

Method B: Cool the solution to room temperature. Transfer and wash the precipitate with a
saturated aqueous zirconium tetramandelate solution. Then wash with 30 ml of ethanol followed
by 20 ml of ethyl ether. Dry to constant weight at 110° and weigh as the tetramandelate:

Weight of Zr(C,H,0,), x 0-1311 = weight of Zr.
101
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RESULTS AND DISCUSSION
Initial studies with methyl mandelate as a generating reagent were unsuccessful,
because of the limited solubility of the ester in water, whereas hydroxypropyl man-
delate was found to be sufficiently soluble.
Preliminary investigations were undertaken to determine the appropriate concen-
tration of hydroxypropyl mandelate, temperature of reaction and acidity which would

TABLE I.—DETERMINATION OF ZIRCONIUM IN THE PRECIPITATE BY WEIGHING THE PRECIPITATE®
AT 110° FOLLOWED BY ITS IGNITION AT 975°

Zr taken, mg 26-62 53-24 106-49
Temperature, °C 110 975 110 975 110 975
Difference in —0-09 +0-00 +0-08 +0-04 +0-03 +0-00
Zr found, mg +0-02 —0-04 +0-00 4+0-00 +0:03 +0-00
—0-04 —0-04 —0-05 —0-05

8 The precipitates were filtered and washed according to Method B.

TABLE I1.—PRECIPITATION OF ZIRCONIUM

Method PFHS® PFHS® PFHS* Conv.* Conv.?
Zr taken, mg 5-12 10-24 2662
Difference in Zr 0-00 —0-11 0-00 —0-11 0-00

found, mg +0-12 —0-04 +0-05 +0-22 +0-06

—0-19 +0-05 —0-22 0-00 —0-11
Method PFHS? PFHSP PFHS® PFHSP PFHS® PFHS?
Zr taken, mg 25-61 51-22 102-44 153-66
Difference in Zr 0-00 +0-04 +0-19 +0-03 +0-22 —0-21
found, mg +0-10 —0-03 —0-04 +0-05 —0-04 —0-04
—0-07 +0-13 +0-48 +0-19 —0-14 0-00

& Weighed after ignition to 975° (¢f. method A).
P Weighed after drying at 110°C (¢f. method B).

result in quantitative separation of a precipitate with desirable physical charac-
teristics.

The necessary conditions were met by (@) addition of sufficient reagent to effect a
final solution 0-4-0-5M in mandelic acid, (b) heating the solution at 85° for 3 hr,
and (c) precipitation in 5-6M HCI to avoid the formation of basic salts.5

The precipitate formed by PFHS can be dried and weighed at 110° or ignited to the
oxide. Thermogravimetric analysis confirmed the use of 110° as a stable drying
temperature. Tables I and II show the results obtained with zirconium alone.

Table II shows that quantitative results may be obtained with 5-150 mg of
zirconium; larger quantities were not determined, and quantities less than 5 mg gave
anomalous results.

Table III shows the separation of zirconium from iron, aluminium, titanium and
thorium. The results indicate that there is little difference in the separations obtained
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TABLE III.—SEPARATION OF ZIRCONIUM FROM DIVERSE IONS

Method Conv. PFHS PFHS Conv. PFHS PFHS PFHS
Dbi ; Fe(IID) AL{ID) Thadv)  Ti(dV)

1verse lon, mg 280 280 80 80 80 80 75
Zr taken, mg 51-22 51-22 102-44 102-44 102-44 102-44 102-44
Difference in Zr +1-42 +0-64 +0-03 +0-15 +0-15 +0-43 +0-32
found, mg +0-58 +0-36 +0-05 +0-27 +0-08 +0-15 +0-16
+0-64 +0-88 0-00 -+0-08 —0-08 +0-15 +0-15

with the conventional and PFHS methods of precipitation; however, the PFHS
method provides a precipitate with superior physical characteristics, which is far
more easily filtered and washed than that obtained by conventional precipitation.

Acknowledgments—The authors wish to thank Dr. O. E. Hileman for his advice and interest during
the course of this investigation. They also wish to acknowledge the partial assistance of the United
States Atomic Energy Commission in supporting the investigation reported herein under Contract

AT(11-1)-582.

Zusammenfassung—Hydroxypropylmandelat erwies sich als brauch-
bares Reagens zur in-situ-Bildung von Mandelsdure bei der Fallung
aus homogener Losung.

Résumé—On a trouvé que 'hydroxypropyl mandélate est un réactif
satisfaisant pour la formation in situ d’acide mandélique utilis¢ dans
la précipitation en milieu homogéne.

* R. Belcher, A. Sykes and J. C. Tatlow, Analyt. Chim. Acta, 1954, 10, 34.
¢ R. B. Hahn, Analyt. Chem., 1949, 21, 1479.

® R. B. Hahn and E. S. Baginski, Analyr. Chim. Acta, 1956, 14, 45.

¢ R. B. Hahnand L. Weber, J. Amer. Chem. Soc., 1955, 77, 4777.
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Summary—It has been shown that rubidium and caesium can be
determined gravimetrically using N,N-dimethylethanolammonium
orotate as precipitant. The composition and identity of the rubidium
and caesium orotate, which were the precipitates utilised in the gravi-
metric methods developed, have been established by elemental analyses
and the results confirm their purity.

SeLLeri and Caldini' were able to determine sodium and potassium gravimetrically
with N,N-dimethylethanolammonium orotate. These authors did not investigate the
action of this reagent with rubidium and caesium. The present paper deals with its
application to the determination of these elements.

Following the procedure of Selleri and Caldini? for the precipitation of caesium
ions but using somewhat larger samples and filtering through a medium sintered glass
crucible with suction, and washing twice with 2-ml portions of 709, methanol and
twice more with 2-ml portions of 100 %, methanol, the results in Table I were obtained
using caesium chloride for the determination of caesium.

TABLE [.—DETERMINATION OF CAESIUM

CsCl Cs Cs Cs
Sample taken, calc., found, found, Error,
no. g & g %® %
1 0-2753 0-2167 0-2083 75-86 -39
2 0-2981 0-2346 02256 75-88 —3.87
3 0-3861 0-3039 0-2898 7525 —4-67
4 0-4248 0-3344 0-3241 76-47 —3-12
5 0-5450 0-4291 0-4213 77-51 —1-81

@ Theoretical Cs = 78:94%,

The errors shown in Table 1 are all negative and the results are, therefore, low.
This indicates: (1) Precipitation might be incomplete. (2) Improper washings may
lead to loss of the caesium orotate obtained. To test whether the caesium orotate was
precipitated completely or not, the metal was determined according to the above
procedure but the precipitate was not washed. Table IT shows the results obtained.

Because the results in Table II are positive and relatively high, the low results in
Table I are attributed to improper washing and coprecipitation of reagent. Therefore,
at this stage, the solubility of caesium orotate in water, 70% methanol and 100%
methanol was determined.

* Present address: Parke-Davis & Co., Detroit, Michigan, U.S.A.
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TABLE I1.—DETERMINATION OF CAESIUM WITHOUT WASHING

CsCl Cs Cs Cs
Sample taken, calc., found, found, Error,
no. g 4 g % %
1 0-1800 0-1416 0-1434 7990 +1-21
2 0-2155 0-1696 0-1415 8076 +2:30

¢ Theoretical Cs = 78:94 %

Determination of solubility of caesium orotate

Saturated solutions of caesium orotate in water, 70 %, methanol and 100 %, methanol were prepared
by stirring an excess of the salt in the corresponding solvent for 2-3 hr using a magnetic stirrer. In
the case of 70%; methanol used as the solvent, the increase in temperature from mechanical stirring
was minimised by placing the flask containing the solution over a cork ring; the flask was stoppered.
After the saturated solutions were prepared, the excess of the salt was filtered off. An aliquot of the
filtrate was evaporated almost to dryness, then further drying to constant weight performed at
100-110°. The solubilities (gf1.) at 20° are 30-82 for water, 3-83 for 70 %; methanol and 0-31 for 1005
methanol.

From these figures some modification in the determination of caesium was found
to be necessary.

Procedure for determination of caesium with N,N-dimethylethanolammonium orotate

The sample, containing 20-100 mg of caesium, is dissolved in the minimum amount of water
to bring it into solution. The pH should be kept between 6 and 8 (at a lower pH the free orotic acid
is formed, while at a higher pH the acidic imido groups may be attacked). An excess of the 0-1M

TABLE III.—DETERMINATION OF CAESIUM

CsNQ; Cs Cs Cs Mean
Sample taken, calc., found, found, Error, Error,
no. g £ £ % % %
1 0-0294 0-0200 0-0200 68-18 0-00
2 0-0808 0-0549 00547 67-78 —0-58 —0.44
3 0-1082 0-0736 00731 67-68 —073

¢ Theoretical Cs = 68:18%;

CsBr Cs Cs Cs Mean
Sample taken, calc., found, found, Error, error,
no. g g g P pA pA
1 0-0343 0-0209 0-0210 62-59 +0-23
2 0-0428 0-0261 0-0262 62-35 +0-17 +0-30
3 0-0489 0-0298 0-0301 62-77 +0-51

® Theoretical Cs = 62:45%;

CsCl Cs Cs Cs Mean
Sample taken, calc., found, found, Error, error,
no. g g g %° % %
1 0-0751 0-0591 0-0589 7872 —0-28
2 0-0759 0-0597 0-0595 78-62 —0-41
3 0-1085 0-0854 0-0850 7863 —0-39 —0.17
4 0-1092 0-0859 0-0864 79-34 -+0-50
5 0-2357 0-1855 0-1850 7872 —0-27

< Theoretical Cs = 78949
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reagent (ca. 25 ml), prepared according to Selleri and Caldini,* is added dropwise while the vessel
containing the solution is gently swirled. Caesium orotate precipitates in a white crystalline form.
The precipitated mixture is allowed to stand in the refrigerator (3°) for 2 hr (longer standing does no
harm). The precipitate is then collected with suction on a medium or fine sintered glass crucible
(medium sintered glass crucible is preferable because filtration is faster). The precipitate is washed
three times with 2-ml portions of 1007, methanol, then dried at about 105° to constant weight.

Results obtained following the above procedure using caesium nitrate, caesium
bromide and caesium chloride samples were satisfactory and are shown in Table III.

When the same procedure was followed for the determination of rubidium in
rubidium chloride, the results in Table IV were obtained.

The results in Table IV were all positive and relatively high because of coprecipi-
tation of the precipitant. The solubility of rubidium orotate was, therefore, determined

TABLE IV.—DETERMINATION OF RUBIDIUM FROM RUBIDIUM CHLORIDE SOLUTION AFTER
WASHING THREE TIMES WITH 2-ml PORTIONS OF 100 %, METHANOL

RbCl Rb Rb Rb

Sample taken, calc., found, found, Error,
no. 4 4 g 7 %
1 0-0399 0-0279 0-0285 7196 4181
2 0-0963 0-0675 0-0685 71-80 +1-58
3 0-1193 00836 0-0849 7170 +1-44
4 0-1996 0-1400 0-1420 71-68 +1-41
5 0-2323 0-1633 0-1658 71-74 +1-49

& Theoretical Rb = 70-68 %,

TABLE V.——DETERMINATION OF RUBIDIUM

Rbl Rb Rb Rb Mean
Sample taken, calc., found, found, Error, error,
no. g g g 7 % %
1 0-0752 0-0302 0-0300 40-05 —0-47
2 0-0957 0-0384 0-0385 40-40 +0-39 —0-03
3 0-1316 0-0528 0-0528 40-24 0-00

¢ Theoretical Rb = 40-24%;

RbCl Rb Rb Rb Mean
Sample taken, calc., found, found, Error, error,
no. g g g %b oo %
1 0-0399 0-0279 0-0279 70-68 0-00
2 0-0835 0-0585 0-0585 70-68 0-00
3 0-0963 0-0675 0-0685 70-83 +0-21 +0-08
4 0-1051 0-0737 0-0739 70-84 +0-22
5 0-1193 0-0836 7068 70-68 0-00

® Theoretical Rb = 70-68%;

RbLF Rb Rb Rb Mean
Sample taken, calc., found, found, Error, error,
no. g g g %° %% %
1 0-0262 0-0207 0-0207 81-80 0-00
2 0-0569 0-0449 0-0447 81-47 —0-42 —0-08
3 0-1616 0-1276 0-1278 81-95 +0-17

¢ Theoretical Rb = 81-819
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by the method used previously for caesium orotate. The solubilities (g/l.) at 20° are:
5-59 for water, 0-49 for 709, methanol and 0-08 for 1009, methanol. Because the
solubility in 709, methanol is low, it could be used for washing and simultaneous
removal of the coprecipitated material.

Procedure for determination of rubidium with N,N-dimethylethanolammonium orotate

The same procedure as detailed above (p. 106) for the determination of caesium is followed.
Rubidium orotate precipitates in a milky form, the filtration of which is rapid at first but then slows
down because of the firm packing of the precipitate. The precipitate is so fine that it passes even
through an F-grade sintered glass crucible. It is, therefore, necessary that the filtration be as fast as
possible and that is also the reason why a smail amount of sample (containing 20-100 mg of rubidium)
should be used for its determination. The precipitated rubidium orotate collected is washed first
three times with 2-ml portions of 100 %; methanol followed by washing twice more with 2-ml portions
of 70%; methanol, then dried to constant weight at about 105°.

The results so obtained were very satisfactory (Table V) using rubidium iodide,
rubidium chloride and rubidium fluoride as samples.

Properties and analyses of rubidium and caesium orotate

(o]
AN
Rubidium Orotate HN \ —COO-Rb*
. N
[0 H

Molecular weight 240-57, white crystalline powder, insoluble in methanol, hydro-
chloric acid and aqueous ammonia.

(o}
Caesium Orotate HN( \>—COO*CS k

/N
O H
Molecular weight 288-00, white crystalline powder, very slightly soluble in
methanol, insoluble in hydrochloric acid, soluble in aqueous ammonia.
Carbon and hydrogen were determined by combustion, nitrogen by the Kjeldahl
method, caesium by fuming with concentrated sulphuric acid to Cs,SO4 and rubidium
to Rb,SO, (Table VI).

TABLE VI.——ANALYSIS OF CAESIUM AND RUBIDIUM OROTATES PREPARED BY THE PROPOSED
METHODS FOR DETERMINATION OF CAESIUM AND RUBIDIUM

C % H, % N, % CsorRb %
Caesium Ororate
Calculated 20-85 1-04 9-73 46-15
Found 20-80 1-23 9-75 46-12
Rubidium Orotate
Calculated 24:96 1-26 11-65 35-53
Found ’ 24-93 1-43 11-61 35-51

The caesium and rubidium salts used were obtained from various companies who
also provided the complete analyses of these salts.
The effect of N,N-dimethylethanolammonium orotate on different elements was
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tested qualitatively. It was found that the reagent forms a precipitate with Pb+,
Zn*t, Ag*, Cd*t, Pd*, Sn% and ZrO?". Therefore, these ions, together with Na*
and K7, interfere with the determination of rubidium and caesium. Because NH,*,
Lit+, the alkaline earths, Fe3t, Ni2+, Co?* and Cu2t did not interfere in the determi-
nation of sodium and potassium,! it is inferred that they will not interfere in the
determination of rubidium and caesium.

The particular advantage of the proposed method is its applicability for the
separation of rubidium and caesium ions from ammonium ion. In practical analyses
a separation of rubidium and caesium will have to precede their determination.
This can be achieved by ion exchange.?

Zusammenfassung—Rubidium und Césium konnen gravimetrisch
mit N,N-Dimethyldthanolammoniumorotat als Fallungsmittel be-
stimmt werden. Zusammensetzung und Identitdt der ausgefallenen
Rubidium- und Cisium-orotate wurden durch Gesamtanalysen
festgestellt. Die Ergebnisse beweisen die Reinheit der Fallungen.

Résumé—On a montré que le rubidium et le césium peuvent étre
dosés gravimétriquement en utilisant, comme réactif de précipitation,
Porotate de N,N-diméthyléthanoiammonium. On a établi, par des
analyses complétes, la composition et 'identité des orotates de rubidium
et de césium, qui sont les précipités utilisés dans la méthode
gravimétrique développée, et les résultats confirment leur pureté.

REFERENCES
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A COULOMETRIC TITRATOR USING POTENTIOMETRIC
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Summary—A coulometric titrator using operational amplifiers has
been built and tested. A potentiometric titration can be made to a
preset pH with a precision of 10-05 pH unit, using glass and calomel
electrodes. The electrolysis current is reduced near the end-point
to avoid overtitration. If the solution has been overtitrated the current
is reversed. The number of coulombs required during a titration is
determined by integration of the current. 0-2-0-4 mmole of perchloric
acid was titrated with a standard deviation of about 0-19%, and 0-2—
0-8 mmole of benzoic acid with a standard deviation of 0-15%,.

WHEN the end-point of a coulometric titration is determined potentiometrically, two
pairs of electrodes are immersed in the same solution. The potentials of the indicating
electrodes are different from the potential of the working electrode. The simultaneous
operation of a pH-meter and a coulometer at different potentials, connected through
the solution, is subject to several possible sources of error.

A current can flow between the chassis of the instruments. One path is through
the solution, and the return path may be poor isolation to the line. This current will
cause an erroneous reading of the pH-meter and it may also cause an error in the
coulometric measurement.

Another source of error is the capacitance between the indicating and generating
instrument systems. A change in potential of the systems relative to each other will
require a current to charge this apparent capacitor. The response of the indicating
system will be slow.

If two instruments are operated at different ground levels, only one of them can be
connected to ground. The other instrument will pick up hum and noise. The dis-
turbances will be most serious if the coulometric apparatus is grounded and the pH-
meter has a floating ground.

In spite of these difficulties, many coulometric analyses have been proposed using
the technique criticised above. The technique has even been recommended by some
manufacturers. Of course, the effects can be reduced by great care in mounting, but
the danger of erroneous results will always exist. The difficulties will be greater for a
current source of high accuracy, because the circuitry will be more complex. Especially
in non-aqueous solvents this technique has been found to give very erroneous results.

The easiest way to get rid of all these difficulties is to operate only one electrode
system at one time. This method has been used by Smith and Taylor! and by the
present author.? Both the generating and indicating electrodes were immersed in the
solution, but a switch allowed only one of the electrode pairs to be connected to its
instrument at any one time. The disadvantage of this method is that an analysis takes
a very long time, and requires constant operator attendance.

Several instruments have beendescribed which automatically perform a coulometric

9 11
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titration. A titration curve can be recorded when a constant current is passed through
the solution, the end-point being determined graphically from the chart paper.
Several titrators which shut off the current at the end-point have also been described in
the literature. The number of coulombs is determined either by integration or by
measuring the time of reagent generation. High impedance inputs are obtained by
using a commercial pH-meter which actuates a relay,* or a recorder with a slave
potentiometer.> Most of the titrators described are useful only for low impedance
electrodes.®® An interesting solution is presented by Burnett and Klaver.? The output
of a pH-meter is fed into a magnetic amplifier which isolates the measuring circuit from
the generating electrodes.

Information about the accuracy of the end-point determination is usually lacking
in the literature. The overall accuracy seems to be less than what could be obtained by
manual titration.

In this paper a titrator is described which measures the electrode signal directly,
including the voltage to ground. The common mode voltage is cancelled in a differ-
ential amplifier, and the electrode potential minus a preset voltage is amplified and
applied to the generating electrodes. When the electrode signal approaches the preset
voltage the generating current will be reduced. If an overtitration has happened the
current will reverse.

EXPERIMENTAL
Apparatus

Titrator. The input from the indicating electrode, e.g., a glass electrode, is connected to the
follower,* Al, which consists of an operational amplifier with extremely high input resistance (G. A.
Philbrick Res., Inc., model P2), as shown in Fig. 1. The reference electrode is connected to a less
expensive follower, A2, with a moderate input resistance (model P65).

The feed-back loop of A2 contains a 10-turn potentiometer over which 1-000 v is applied. The
dial reads in mv. This voltage is obtained from a zener-stabilised supply floating with respect to
ground; sign reversalis accomplished by a switch. The voltage set on this *“‘set end-point™-potentiom-
eter will cause a displacement of the output of A2 by the same amount. When the potential between
the measuring electrodes equals the voltage set on the potentiometer, the output from the titrator will
be zero; the titration will stop.

The outputs from the two followers are connected to a differential amplifier A3. In this amplifier
only the difference between the two follower outputs will be amplified. The common part will be
cancelled. This common voltage includes the voltage between the measuring electrode system and
the generating electrode, the voltage drop over the current measuring resistor and the hum and noise.
The magnitude of the common voltage must, for amplifier P55, be less than +10 v, and it is cancelled
to better than 0-17;. By using the amplifier P2 throughout it should be possible to get a still better
performance. The common mode rejection of this amplifier is better than 0-0001 7; and the common
voltage may be as large as +200 v. However, the amplifier P55 was found to be sufficiently accurate
for the present purpose. The common mode voltage is usually less than 2 v.

The output from A3 is connected to an amplifier A4, because the total amplification required is
too large to be made in one step. A4 is also provided with a damping control for the system.

The response of a glass electrode will lag behind the actual pH in the solution. The time constant
is of the order 10-25 sec. It can be reduced by etching the electrode in hydrofiuoric acid. In the
present investigation, however, unetched electrodes were used.

If no damping is provided, the titrator will shut off the current when the electrode voltage equals
the set end-point potential. The solution is then already overtitrated. When the glass electrode then
moves towards the correct value a back-titration will start resulting in a pH-oscillation, The oscilla-
tions may be quenched by reducing the gain of A4. The gain had to be reduced so much, however,
that the end-point became ill defined.

The damping circuit R,, R; and C, provides a damping against pH-oscillations by adding a

* A follower has a very high input resistance. The output is an accurate reproduction of the
input voltage, i.e., the gain is unity.
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Coulometric titrator

:x.,_
. ) 4
Mot | i
%i0ng 1
Qm.anv ! Aoz
t VAAS
- G Wl IGNL |
! LA Lo e e
o /“_ v (A £V 0z zv ;
HOLVHOFNI con ug By My |
3
100i e 12+t i A 1 i
ELURLY: T 290052 %0z 20 ;
F - ¥
PN 03-01 A0E i
007 Wi !
L
A Q00%I% saqed m
parelosuya) |
:
)
3
1,
¥IISO08 INIHNEMD
»
w
-~
AGle L
M;\ - ® WS IIRS
-
-
Lo 123 S Vs
-~ \ ™~
- N
P
- ) :A/
-
1o~ ~ MS € [{]44 3 )
el Sev0
p
. /._m u\ 4 IR}
~ . e =
/w DL m
~
~
ASi- ~
= EE
-

s

*sty Sujoos wnuny
~D[e YA W g X g ‘pIed
ymoxo-paund # wo yun @
-3nyd e se apew 5 393500q oYL
%% 01 9TB SIOISISAT AY) AIdYM
¥9)300q JuaLmd Yy ur jdsoxs
MO %S00 SIe sI01SISoy
‘(simoumnsay veunoeq) % 1-0
fyreauy v epow odiay €
s1 Jepwonusied win-gf oyl
(sdyprgd) reeumunsuy ssodmd
<TH{nU B Aq PAINSEIMU $[IUSLINT)
‘uarogpurg “sdiiryd 4q opew
am Pgm gy oyl jdooxs
‘$eX3 ], ‘TT seqeC] ‘sjusnnsuy
SEX9], :SOPOIP PUE SIOISISURIL
"TOISO U] "SIy YOUqUYJ
v 0 seegndure puoneiado
“IOJen) SLIDIIO
~N03 341 Jo SUMBIp ARUIRYIS
1ol



114 GILLIS JOHANSSON

derivative function to the signal. When the output voltage from A3 decreases, the decrease will be
enhanced in the output of A4 because the derivative function has been added. The titration may
stop or reverse. When the charge on C, leaks away through R, the titration will proceed again.
During this time the glass electrode will have had time to move closer to the actual potential.

The amount of damping depends on the slope of the titration curve, on the time constant of the
electrode and on the cell geometry. There will be a delay before the generated reagents will come to
the electrode. This delay is an essential part of the damping system. It can be adjusted by moving
the generating electrode to a new position and by varying the stirring rate. These parameters are
adjusted, together with the potentiometer R, so that a titration of the solvent is critically or almost
critically damped. This setting is then used for all types of titration. A damping system which is
independent of electrode positions can be constructed, but it will make the apparatus more
complicated.

A current booster is incorporated within the feedback path of A4. The booster shown in Fig. 1
is a modification of a circuit described by Towers.?® This booster has a small quescent current but
can deliver large peak currents. The maximum output voltage is 4-12 v.

The bias adjustment for the amplifiers P55 must be provided externally. The potentiometer for
bias adjustment of A3 had a sufficiently great range for compensation of the asymmetry potential of
most of the glass electrodes used. The adjustment is made in the following way. The glass electrode
is immersed in a buffer solution and the end-point potentiometer is set to a value corresponding to the
pH of the buffer, e.g., 0 mv for a buffer of pH 7-00. The auxiliary electrode is disconnected and
a voltmeter is connected over the output terminals. The bias potentiometer is then adjusted until the
voltmeter reads zero.

A zener shunt-stabilised power supply provides power for the operational amplifiers. Two
power transistors regulate the power to the current booster, the transistor bases being connected to the
zener diodes. The titrator is contained in an enclosure 32 x 20 x 16 cm.

Auxiliary equipment. Combined glass and calomel electrodes, Metrohm type EA121U or
EA121X, were used. Type U is for general use in the range pH 0-14, the resistance being 400 MQ.
Type X is more resistant to physical shock, the pH-range is 0-11 and the resistance is also 400 MQ.
The reference electrode is in each case a saturated calomel electrode with a plugged tip.

The titration vessel consisted of two Metrohm EA615 joined by a tube containing two sintered-
glass discs, as described earlier.? A silicic acid gel covered the glass filter disc in the auxiliary electrode
compartment. The resistance of the cell was about 50 Q when filled with 120 ml of saturated Na,SO,-
solution. The maximum current is then of the order of 200 ma. When the current had decreased to
zero the liquid in the compartments between the glass filter discs was transferred into the titration
vessel by applying pressure with a pipette filler. A small suction was applied to fill the compartments
again. The procedure was repreated once or twice more. A vigorous stream of CO.-free air was
blown over the liquid during the titration.

The titration current was integrated by a chopper-stabilised integrator with a precision of 3 parts
in 10,000. The integrator was calibrated against voltage and time. ‘“Taken” in the tables means the
value obtained when dividing the weight of the substance by the formula weight. “‘Found’ means
the actual readings which are founded on standardisation against current and time. The tables thus
provide an intercomparison between these two independent methods of standardising.

Reagents

Zone melted benzoic acid with a stated purity of 100.00%; was used (Hopkin and Williams, Ltd.,
Benzoic acid P.V.S.). Pro analysi sodium carbonate was dried at 150°. Other reagents were of pro
analysi quality.

Procedure

After a warm-up period of 10-15 min the noise of the titrator with the glass electrode connected
was found to correspond to less than 0-01 pH-unit, and the drift over 15 hr to be less than 0-05 pH-
unit. The measurement was taken with the glass electrode immersed in a phosphate buffer solution
of pH 7-00. This solution had previously been used as a standard when the asymmetry potential
of the electrode was compensated for. The drift of the operational amplifiers according to the
manufacturer’s specifications is equivalent to +0-02 pH-unit in the worst case (per day and 5° in
temperature change).

In order to determine the linearity, the buffer adjustment was done as above. The end-point
potentiometer was then set at +15 mv (it had been set at 0 mv during the above adjustment). The
titration started, and was allowed to go on until the current was less than 10 ua. The glass electrode
was then connected to an expanded-scale pH-meter (Metrohm E-300) and the pH-value was noted.
The pH-meter had previously been standardised against the same phosphate buffer solution.
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RESULTS
Fig. 2 shows a plot of pH-values against the settings of the end-point potentiom-
eter. First the values to the left of zero were measured in the direction from pH 7-00
towards higher pH-values. Then the titration was reversed and the points to the right
of zero were taken in successive order. The points fall on two lines, depending on
whether the titration is made upwards or downwards. This behaviour is partly caused
by the hysteresis of the generating electrode. When base is generated, the platinum

56.00

pH 700

&00 ] H i i H
-50 0 +50 mv

Fi1G. 2.—pH-values of the end-point in a phosphate buffer solution plotted versus the
dial settings on the coulometric titrator.
foil must be negative with respect to N.H.E., while it must be positive when acid is
generated. The magnitude of the generating electrode hysteresis is thus the decom-
position voltage of the solution divided by the loop gain, which was 1,000 times in the
actual case.

Another contribution to the measured hysteresis will be derived from incomplete
cancellation of the common mode voltage in A3. Depending on how the followers
are connected to the differential amplifier it will add or subtract to the hysteresis of the
generating electrode. If the connection is made as in Fig. 1, namely P2 to the “—”
input of A3, it will be added, giving a higher total hysteresis. If the followers were
connected for subtraction of the hysteresis effects an instability leading to oscillations
would occur. The crossover distortion in the current booster might be another source
of hysteresis. The two germanium diodes between the bases of the NPN and PNP
transistors, together with the inclusion of the booster within the feed-back loop will
reduce this contribution to a negligible value.

The slope of the lines in Fig. 2 is 60-3 mv/pH-unit as compared to the calculated
59-4 mv/pH-unit. A pH-unit is taken to be equal to the reading of the Metrohm
E-300 meter pH-meter. The agreement between slopes found and calculated proves
that the input resistance of the titrator is sufficiently high for the present purpose; it
is of the order of 30,000 megohms.

Table I shows a set of coulometric titrations of perchloric acid to pH 7-00 in a
medium of saturated Na,SO,. The anode was a silver foil, and sodium tetraphenyl-
borate was added to the anode solution. The perchloric acid had previously been
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TABLE I.—TITRATION OF PERCHLORIC ACID SOLUTION

Taken, umole Found, umole Taken, umole Found, umole
2024 202-5 4049 405-2
202-7 404-4
202-2 404-4
202-5 404-4
202:4 404-9
202-3
2024
Mean 2024 404-6
Standard deviation 0-3 0-5
Deviation from taken 0% —0-06%

standardised against sodium carbonate. The accuracy of the burette (Metrohm piston
burette E 274) had been controlled by weighing.

Table II shows the results obtained when benzoic acid was titrated to pH 8-10.
The weighings were made on a microbalance and the weight was corrected for air
buoyancy. The benzoic acid was dissolved in a few ml of ethanol and washed into the
titration vessel through one of the ground joints at the top. The medium was as
described above. A titration was completed in 10-15 min.

TABLE II.—TITRATION OF BENZOIC ACID

Taken, umole Found, pumole Deviation, %
390-6 390-7 -+0-01
407-7 407-1 —0-15
400-5 399-8 —0-22
414-0 413-8 —0-06
415-3 415-5 +0-03
408-8 408-9 +0-02
884-8 883-3 —0-16
212-7 2133 +0-26

Mean —0-03
Standard deviation 015

In some cases the end-point setting may be calculated from tabulated pK-values.
When this is impossible, a titration curve may be obtained from the titrator. The
potential is set to a value on the early part of the titration curve, and the integral is
noted when the current has ceased. The procedure is repeated for a number of points
until the end-point is passed. The potential settings are then plotted versus the integrals.
A titration curve of this type is shownin Fig. 3. This procedureis, of course, more time-
consuming than direct titration to a calculated end-point. However, it will be useful
when the conditions for a coulometric titration are evaluated and when more elaborate
calculation, e.g., derivation,! is necessary for location of the end-point.

DISCUSSION
The titrator itself can be reset with a reproducibility of the order of 0-01 pH-unit
(0-6 mv). The hysteresis limits the over-all precision to about 4-0-05 pH-unit (4-3 mv).
This precision was sufficient for the actual applications, especially because the elec-
trodes in many cases limit the accuracy to a much lower value. The hysteresis can be
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reduced somewhat by employing a higher gain in the feedback loops, but then pH-
oscillations are likely to occur in the titration of strong acids or bases. Substituting a
P2 differential amplifier for the P55 will reduce the hysteresis to about 1-0-02 pH-unit. *

The present titrator reverses the current if a small overtitration occurs. This
technique is useful only when the electrode reactions are reversible. For reversible
systems, however, the possibility of current reversal will reduce the titration time

-
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FiG. 3.—Titration of benzoic acid using the method described in the text.
All points are corrected for the solvent base consumption.

significantly. The precision will also be increased as compared with titrations with
pH-control in only one direction. In regions of small buffer capacity a precision of
0-05 pH-unit will be difficult to attain without this positive control.

The titrator has been tested only for acid and base titrations using glass and calomel
electrodes. Itcanalso beusedinother types of titrations as well as with other electrodes.

Acknowledgements—The author thanks K. J. Karrman for his advice and interest. He also thanks
Miss Karin Norberg for obtaining the results. This work was supported by grants from the Swedish
Technical Research Council.

Zusammenfassung—Ein coulometrisches Titrationsgerdt mit Servover-
stirkung wurde gebaut und gepriift. Eine potentiometrische Titration
kann bis zu einem vorher auf +0,05 Einheiten festgelegten pH-Wert
gefiihrt werden, wobei zur Anzeige Glas- und Kalomelelektroden
verwendet werden. Um Ubertitrieren zu vermeiden, wird in der Nihe
des Endpunktes der Elektrolysestrom verringert. Bei Ubertitration
wird der Strom umgepolt. Die zur Titration erforderliche Coulomb-
Menge wird durch Integration des Stromes ermittelt. 0,2 bis 0,4 mMol
Uberchlorsdure wurden mit einer Standardabweichung von eiwa
0,19 und 0,2 bis 0,8 mMol Benzoesdure mit einer Standardabweichung
von 0,159 titriert.

* An improved version of P2, called P2A, has just been made available by the manufacturer. A
still higher input impedance and a lower drift should be obtained if the P2A is used.
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Résumé—On a construit et expérimenté un appareil de titrage coulo-
métrique utilisant des amplificateurs opérationnels. On peut effectuer
un titrage potentiométrique, 4 un pH fix€é au préalable avec une
précision de +0,05 unité pH, en utilisant des €lectrodes de verre et
calomel. Au voisinage du point final, on a réduit le courant d’élec-
trolyse afin d’éviter un surtitrage. Au cas ot la solution est surtitrée,
le courant s’inverse. Le nombre de coulombs nécessaire au cours d’un
titrage a été déterminé par intégration du courant. On a dosé 0,2-0,4
mmole d’acide perchlorique avec un écart type d’environ 0,17, et
0,2-0,8 mmole d’acide benzoique avec un écart type de 0,15,
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SHORT COMMUNICATIONS

Chromogenic reactions of titanium, zirconium and hafnium with Chrome Azurol S
(Received 3 June 1964. Accepted 24 August 1964)

3”-SULPHO-2’,6”-DICHLORO-3,3’-DIMETHYL-4-HYDROXYFUCHSON-5,5’-DICARBOXYLIC acid, commonly
known as Chrome Azurol S (CAS; Colour Index 43825), is one of the hydroxytriphenylmethane
group of dyes which has been extensively studied in this laboratory as a chelating reagent.

In the present communication, the formation of coloured chelates of titanium(IV), zirconium(IV)
and hafnium(IV) with CAS are reported and suggestions made for use of CAS as a chromogenic
reagent for these metals.

EXPERIMENTAL

Apparatus

Spectrophotometer. Absorbance were measured with a Unicam SP 500 spectrophotometer, using
matched glass cells of 10-mm light path.

Colorimeter. Colorimetric measurements were made with a Klett Summerson photometric
colorimeter (test tube model).

pH meter. pH measurements were made with a Leeds and Northrup pH meter operated on
220-V a.c. mains.

Reagents

Metal ions. Solutions of titanium chloride, zirconium oxychloride, and hafnium oxychloride
were prepared and standardised by the usual methods. They were 0-1M in hydrochloric acid and
used fresh to avoid ageing effects. The titanium and zirconium saits were of B.D.H. analytical
reagent grade and hafniumoxy chioride was obtained from Johnson and Matthey.

Chrome Azurol S. An aqueous stock solution of CAS was prepared by dissolving the B.D.H.
indicator reagent in doubly-distilled water

pH control. An acetate buffer (pH 4-5) was used in the study of the titanium chelate, while in the
other two systems the pH was adjusted to 2-0 by addition of acid or base.

Diverse ions. Solutions of diverse ions were prepared from reagent-grade chemicals.

Conditions of study

Measurements were performed in an air conditioned room at 25° + 1°. The total volume of
all the mixtures prepared for the measurements was 25 ml.

RESULTS

Effect of pH
The effect of pH on the complexes was studied and the pH range where Amax remained constant
was determined. This was the pH range of stability shown in Table I.

TABLE I.—EFFECT OF pH ON THE METAL CHELATES OF CAS

Chelate pH range of stability
Ti-CAS 2:5-6:0
Zr-CAS 1-5-5'5
Hf-CAS 1-5-7-0

119
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Nature of complexes

To determine the nature of the complex formed in solution, the modification of Job’s method
by Vosburgh and Cooper was employed.®~* Mixtures of the metal salts and CAS with varying
metal: CAS ratio were prepared, the pH being kept constant. The absorbance of each mixture was
measured at suitable wavelength intervals over the range 400-750 myu. In each of the systems Apax
remained constant with the various compositions, showing that only a 1:1 complex is formed in
each case under the conditions adopted. The mole ratio method® and the slope ratio method® were
also used and confirmed the composition of the chelates. Fig. 1 shows typical results with the
hafnium/CAS system.

&

in absorbance

Difterence

Q

e g

Fig. 1.—Composition of the Hf-CAS chelate by the method of continuous variations,
using equimolecular solutions (pH 2-0; 550 my).
Concentrations of reactants:
A: 200 x 10~M; B: 133 x 10-%M; C: 100 X 10—M.

Evaluation of equilibrium constants

Two different methods were employed for determining the value of the equilibrium constant, K,
at 25° and at the pH mentioned, of the complexes and the results are recorded in Table I (AG® =
—RT In K, the terms having the usual meaning).

TABLE II-—EQUILIBRIUM CONSTANTS AND FREE ENERGY CHANGES OF
FORMATION OF THE METAL CHELATES OF CAS AT 25°

Chelate pH logK AG®, keal
Ti-CAS 4-5 42302 —~5-8 & 0-2%
47 +02 —6'5 + 0-2P
Zr-CAS 20 49 + 01 ~67 4 022
50+ 02 ~68 4 Q-2
Hf-CAS 2:0 47+ 01 ~—65 4 0-28
49+ 01 67 + 0-1°

= By method of Dey er al.”®
® By mole ratio method

Confirmity to Beer's law and sensitivity
The Sandelt sensitivity® and ranges of adherence to Beer’s law are given in Table IIL
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TABLE II1.—RANGE OF ADHERENCE TO BEER’S LAW AND PHOTOMETRIC SENSITIVITY AT 25°

Adherence to Beer’s Wavelength, Sensitivity,
System pH law, ppm my y.cm™?
Ti-CAS 4-5 0:19-3-45 520 0048
Zr-CAS 2-0 0-18-6-50 530 0-091
Hf-CAS 2:0 0-48-13-00 510 0178

Effect of diverse ions

The effect of several ions on the colour reaction was studied. It was found that Be(II), AKIII),
Cu(Il), Sc(ID), Y(III), V(V), Fe(Ill), Th(AV), U(VI), Pd(II), fluoride, borate, carbonate, citrate,
tartrate and oxalate interfere at all concentrations. Mg(I), Ca(Il), Sr(II), Ba(ll), TKI), Pb(ll),
As(ITT), Bi(IID), Se(IV), Te(IV), Ag(D, Au(lIl), Zn(Il), Cd(II), Hg(I), Cr(Il), Mo(VI), Mn(II),
Co(II), Ni(II), Ru(II), Rh(II), Pt(IV), chloride, bromide, iodide, chlorate, nitrate, thiocyanate,
sulphate and thiosulphate must not exceed 60 ppm in the case of Ti(IV) and 30 ppm in the case of
Zr(IV) and Hf(IV).

Acknowledgement—The authors thank the Council of Scientific and Industrial Research, New Delhi,
for awarding a fellowship to one of them (S. D. B.).

Chemical Laboratories SHIB Das Biswas*
University of Allahabad RosHAN Lav SerHt
Allahabad, India AruN K. Dey

Summary—The chromogenic reactions of titanium(IV), zirconium(IV)
and hafnium(IV) with Chrome Azurol S have been investigated. The
conditions for formation of coloured 1:1 chelates have been established
and the adherence to Beer’s law ascertained. An interference study
has been made.

Zusammenfassung—Die Farbreaktionen von Titan(1V), Zirkonium(IV)
und Hafnium(IV) mit Chromazurol S wurden untersucht. Die
Bedingungen zur Bildung farbiger 1:1-Komplexe wurden ermittelt
und die Giiltigkeit des Beerschen Gesetzes gesichert. Auch Stérungen
wurden gepriift.

Résumé—On a étudié les réactions chromogénes des titane(IV),
zirconium(IV) et hafnium(1V) avec le chrome azurol S. On a établi
les conditions de formation des chélates colorés 1:1, et montré que la
loi de Beer est suivie. On a procédé a une étude des interférences.
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A method for increasing the reproducibility of chromatographic parameters
in thin-layer chromatography

(Received 8 September 1964. Accepted 15 October 1964)

WHEN the parameters (R, and R,) obtained from chromatographic separations are to be used for
comparative purposes, it is essential that there is reproducibility of these parameters from separation
to separation. In separations on paper, if all extra-molecular factors are standardised, it is possible
to have R-values reproducible to +0-01 R, unit.?:2

In separations using thin-layer techniques it has been stated® that a reproducibility of +0-03 R,
unit is generally acceptable. Brenner et al.* obtained a reproducibility of better than +0-03 R, unit,
quoting +0.016 R, unit for ascending development. To obtain the reproducibility necessary for
molecular structure studies, it is important that all extra-molecular factors be standardised.

Bark and Graham? have shown that among the extra-molecular factors which are important is
the standardisation of the stationary support. In thin-layer chromatography (TLC) involving the use
of non-polar eluents and polar substrates, this standardisation is achieved by controlling the activation
of the layers and the amount of ‘deactivation’ during the time the plate is being loaded with the
compounds to be chromatographed. It is usual to activate the adsorbent layers used for TLC by
heating the prepared plate to 110° for silica gel and alumina, 100° for cellulose and 80° for polyamides,
all for periods up to 30 min. The plates are then cooled in a desiccator to prevent uptake of water
vapour from the laboratory atmosphere. It is considered that one of the most important causes of
deactivation of polar substrates is the adsorption of polar water molecules onto the active sites of the
substrates during exposure to air. It is possible to minimise the deactivation by loading in a dry box,
but in many laboratories this is not feasible and, in consequence, a random degree of deactivation
results. It is possible both to standardise and to reduce the degree of deactivation by loading the
plate in a very short time, which is standardised. This standardisation has been achieved with the
apparatus described below.

A second source of deactivation of the substrate is the sorption of water vapour by the substrate
from the air in the tank during the elution of the chromatogram. The larger the tank in which the
elution is carried out, the more serious will be the error from this source. Further, it is more difficult
to obtain saturation of the atmosphere of large tanks. To reduce errors from this source we have
used a modified Davies-type® saturation chamber throughout this work.

EXPERIMENTAL

A rubber policeman is shortened to a length of 1 cm, a hole pierced in the closed end and a Micro-
cap disposable pipette* inserted through the hole.

A strip of Scotch tape is placed on the underside of a Shandon spotting template.t The former is
pierced with a needle to give a small hole, wide enough to permit the insertion of the micropipette,
coinciding with the centre of the hole in the spotting template.

Each pipette and policeman is positioned in the template and the amount of pipette protruding
is adjusted in the following way. A glass plate, on which rests a feeler gauge of the same thickness
as the applied layer, is placed below the pipettes. Each pipette is then pressed until it touches the
feeler gauge. Thus, all the pipettes are aligned horizontally and this ensures minimum optimum
contact to be made with the stationary phase during transfer of the solutions from the pipettes.

Standard plates (20 x 20 cm) are capable of holding 19 spots of the same or different samples.
Where the adsorbent is removed from the edges of the plate to enable the plates to be used in a
saturation chamber of the type described by Davies,* the number of samples is reduced to 17 per

late,
P Drainage of the sample solutions from the pipette is negligible, thus enabling the 17 pipettes to
be individually filled and positioned in the template before the activated plate is taken from the
desiccator.

After taking the plate from storage it is laid on strips of Scotch tape, the template quickly aligned
with the plate and each pipette discharged by capillary action by being brought into contact with the
sorbent surface as a result of gentle finger pressure on the top of the template, thus pressing the
pipettes on to the chromoplates. This causes all the pipettes to touch simultaneously the stationary
phase coating the plate. Because of the careful alignment of the micropipettes to the thickness of
the applied layer, little or no disturbance of the adsorbent surface occurs during the application of

* Manufactured by Drummond Scientific Company, Broomall, Pa., U.S.A., and available from
Shandon Scientific Company Ltd.
t Shandon Scientific Company, Ltd., 65 Pound Lane, London N.W. 10, England.



Short communications 123

the samples. Hence, distortion of the spots caused by holes in the surface of the adsorbent is kept to
a minimum.

After the spotting of the plates, a glass former surrounding three sides of the plate is placed in
position and a cellulose wick positioned along the fourth. A glass cover plate is placed on top of
the former and the Scotch tape tightly drawn over the plate to form the saturation chamber. This is
then placed in a polythene bag* into which is also placed the eluent, and the bag is closed by folding
the open end upon itself and sealing the fold with polythene adhesive tape. Hence, a saturation
chamber within a saturation chamber is obtained.

The use of the cellulose wick ensures rapid saturation of the small space inside the inner saturation
chamber by increasing the surface area over which the eluent can evaporate. In addition, we have
observed that certain sotbents, particularly polyamides, iend to crack on being wetted with solvent
and cause a ragged eluent front on the chromatogram. This is entirely prevented by the method
described.

The over-all time taken for removal of the plate from storage, spotting of the samples and placing
of the plate in the saturation chamber is less than 1 min and with only a little practice can be stand-
ardised to within a few seconds of a predetermined time, say 45 sec. Hence, standardisation and
minimum deactivation are achieved.

A comparison of some results obtained by individual and template spotting of sample solutions
is given in Table L.

TABLE I.—R/VALUES FOR THREE DYES® USING INDIVIDUAL AND TEMPLATE SPOTTING

Individual spotting® Template spotting?

Dyel® Dye2¢ Dye3® Dyel® Dye?2d Dye 3°

Highest value 0-39 0-46 0-61 0-34 0-42 0-59
Lowest value 0-33 041 0-56 0-32 0-40 0-58
Mean value 0-36 0-44 0-58 0-33 0-41 0-58
Standard deviation x 10-% 1-40 1-26 1-22 0-53 0-53 010

@ The dyes were obtained in benzene solution from E. Merck, Darmstadt, Germany; they were
diluted 1:1 with benzene before application.

® Results obtained from two runs each of 17 sample spots of the dyes.

¢ Sudan Red G: C.I. 12150,

4 Indophenol Blue: C.I. 49700.

¢ Butter Yellow (p-dimethylazobenzene).

Washed plates were coated with a 0-25-mm layer of silica gel (35 g of Merck Silica Gel (G) slurried
with 65 ml of deionised water). The plates were air dried overnight (12 hr) and activated by heating
at 110° for 30 min, then allowed to cool in a desiccator over molecular sieve (B.D.H. Ltd., England,
Type 5A). After loading two plates by individual spotting and two by the template method, with
1-pl aliquots of a solution containing 3 dyestuffs, one plate of each type was placed in the saturation
chamber and eluted with a mixture of light petroieum spirit and diethyl ether [70 % v/v light petroleum
spirit (boiling range 40°-60°) and 309 v/v diethyl ether].

The two sets of plates were eluted until the solvent fronts had moved the same distance from the
loading lines (15 cm). Dyestuffs were used so that no detection of separated components by spraying

of the chromatogram was necessary; any movement of the components during spraying was thus
avoided.

The results are given in Table I.

DISCUSSION

In these and in all other cases where this technique has been used, it has been found that where
polar substrates have been used the R-values obtained with individual spotting are higher than those
obtained by simultaneous spotting. This is to be expected because the number of active sites on the
individually spotted plates is less than on the simultaneously spotted plates and hence the effective

* It js realised that significant amounts of plasticisers used in the manufacture of such polythene
may be leached out with some solvent systems used in TLC. This would alter the composition of
the chromatographic system and the behaviour of the compounds being chromatographed. A com-
parison of the results obtained in an all glass-saturation chamber and those reported in the present

paper showed no significant differences. However, the possibility of composition changes because of
the dissolution of plasticisers must always be considered.
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polarity of the surface is reduced. This will result in the substance being chromatographed being
relatively more positioned in the non-polar phase (the eluent) and hence the R,-value will be greater.
This is in accordance with the Consden-Gordon-Martin equation relating R, and partition® and is
expected if the chromatographic mechanism is essentially adsorption onto a polar surface. There is
also greater variation in the range of R,-values recorded for a particular compound, the standard
deviation for the individually spotted materials being at least twice that for the simultaneously spotted
materials. From a consideration of the results obtained by simultaneous spotting, it can be seen that
this method, when used under the conditions suggested for standardisation of extra-molecular
factors,'-? enables results to be obtained within 3:0-01 R; unit, which is acceptable for comparison
purposes.

L. S. Barx
Department of Chemistry and Applied Chemistry R. J. T. GRAHAM
Royal College of Advanced Technology D. McCormick

Salford 5, Lancashire, England

Summary—A technique is described for the simultaneous multiple
spotting of thin-layer chromatographic plates. When used in con-
junction with a modified saturation chamber, it enables standardisation
of important extra-molecular factors to be made. A mixture of three
dyestuffs has been spotted individually and by the described technique
under identical conditions. The results show that simultaneous mul-
tiple spotting gives the lesser variation in R ~values, the reproducibility
being +£0.01 R,-unit.

Zusammenfassung—Ein Verfahren zur gleichzeitigen Aufbringung
mehrerer Flecke auf Diinnschicht-Chromatographieplatten wird be-
schrieben. In Verbindung mit einer modifizierten Sittigungskammer
erlaubt es Standardisierung wichtiger extramolekularer Faktoren.
Flecke aus einer Mischung dreier Farbstoffe wurden einzeln und mittels
des beschriebenen Verfahrens unter einheitlichen Bedingungen auf-
gebracht. Dije Ergebnisse zeigen, da8 gleichzeitiges Aufbringen
mehrerer Flecke geringere Variationen in den R~Werten liefert; die
Reproduzierbarkeit betridgt +0,01 R~Einheiten,

Résumé—On décrit une technique de dépst simultané multiple sur les
plaques de chromatographie en couche mince. Elle permet, lorsqu’on
I'utilise conjointement & une chambre de saturation modifiée, la
normalisation d’importants facteurs extra-moléculaires. Dans des
conditions identiques, on a déposé un mélange de trois colorants,
individuellement et selon la technique décrite. Les résultats montrent
que le dépét simultané multiple conduit aux plus faibles variations des
valeurs de R,, la reproductibilité étant de -£0,01 unité R,.
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Ultraviolet spectra of some piaselenol derivatives*
(Received 17 April 1964. Accepted 24 October 1964)

AROMATIC 1,2-diamines react with selenous acid to form piaselenol derivatives. The reaction, which
is quantitative, serves for the spectrophotometric determination of selenium. Thus, it has been
reported! that 1,2-phenylenediamine is an excellent reagent for selenium. Several 4-substituted

* Read at the 36th Chligoku-Shikoku Local Meeting of the Chemical Society of Japan, Okayama,
May, 1962.



124 Short communications

polarity of the surface is reduced. This will result in the substance being chromatographed being
relatively more positioned in the non-polar phase (the eluent) and hence the R,-value will be greater.
This is in accordance with the Consden-Gordon-Martin equation relating R, and partition® and is
expected if the chromatographic mechanism is essentially adsorption onto a polar surface. There is
also greater variation in the range of R,-values recorded for a particular compound, the standard
deviation for the individually spotted materials being at least twice that for the simultaneously spotted
materials. From a consideration of the results obtained by simultaneous spotting, it can be seen that
this method, when used under the conditions suggested for standardisation of extra-molecular
factors,'-? enables results to be obtained within 3:0-01 R; unit, which is acceptable for comparison
purposes.

L. S. Barx
Department of Chemistry and Applied Chemistry R. J. T. GRAHAM
Royal College of Advanced Technology D. McCormick

Salford 5, Lancashire, England

Summary—A technique is described for the simultaneous multiple
spotting of thin-layer chromatographic plates. When used in con-
junction with a modified saturation chamber, it enables standardisation
of important extra-molecular factors to be made. A mixture of three
dyestuffs has been spotted individually and by the described technique
under identical conditions. The results show that simultaneous mul-
tiple spotting gives the lesser variation in R ~values, the reproducibility
being +£0.01 R,-unit.

Zusammenfassung—Ein Verfahren zur gleichzeitigen Aufbringung
mehrerer Flecke auf Diinnschicht-Chromatographieplatten wird be-
schrieben. In Verbindung mit einer modifizierten Sittigungskammer
erlaubt es Standardisierung wichtiger extramolekularer Faktoren.
Flecke aus einer Mischung dreier Farbstoffe wurden einzeln und mittels
des beschriebenen Verfahrens unter einheitlichen Bedingungen auf-
gebracht. Dije Ergebnisse zeigen, da8 gleichzeitiges Aufbringen
mehrerer Flecke geringere Variationen in den R~Werten liefert; die
Reproduzierbarkeit betridgt +0,01 R~Einheiten,

Résumé—On décrit une technique de dépst simultané multiple sur les
plaques de chromatographie en couche mince. Elle permet, lorsqu’on
I'utilise conjointement & une chambre de saturation modifiée, la
normalisation d’importants facteurs extra-moléculaires. Dans des
conditions identiques, on a déposé un mélange de trois colorants,
individuellement et selon la technique décrite. Les résultats montrent
que le dépét simultané multiple conduit aux plus faibles variations des
valeurs de R,, la reproductibilité étant de -£0,01 unité R,.

REFERENCES

1 L. S. Bark and R. J. T. Graham, Analyst, 1960, 85, 663.

# Idem, Talanta, 1964, 11, 839.

3 E. V. Truter, Thin Film Chromatography. Cleaver-Hume Press, London, 1963, p. 32.

¢ M. Brenner, A. Niederweiser, G. Pataki and H. R. Fahmy, Experientia, 1962, 18, 101.
¢ B. H. Davics, J. Chromartog., 1963, 10, 518.

¢ R. Consden, A. H. Gordon and A. J. P. Martin, Biochem. J., 1944, 38, 224.

Ultraviolet spectra of some piaselenol derivatives*
(Received 17 April 1964. Accepted 24 October 1964)

AROMATIC 1,2-diamines react with selenous acid to form piaselenol derivatives. The reaction, which
is quantitative, serves for the spectrophotometric determination of selenium. Thus, it has been
reported! that 1,2-phenylenediamine is an excellent reagent for selenium. Several 4-substituted
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1,2-phenylenediamines have now been investigated to ascertain if they provide an increased
sensitivity:
X NH, R . 3

3
N 2/ \ = /N\
b . +HSO, > ° Sez + 3H,0.
5 N d
[] 7 N
NH, 1
EXPERIMENTAL

Synthesis of piaselenol derivatives

The 4-substituted 1,2-phenylenediamines were dissolved in dilute hydrochloric acid and the
equivalent amounts of selenous acid added at room temperature. The piaselenol derivatives, which
precipitated immediately, were filtered and washed with a small amount of water, then twice re-
crystallised from aqueous alcohol.

Ultraviolet spectra of piaselenol derivatives

The piaselenol derivatives were dissolved in toluene so as to give 5:00 X 10-5M solutions. The
absorption spectra of these solutions over the range 280400 my were observed with a Shimadzu
QR-50 spectrophotometer, using 1-cm cells (Table I).

DISCUSSION

In Fig. 1 the maximum wave numbers of the 5-substituted piaselenol derivatives are versus
om -+ op of Hammett’s substituent constants, because the S-substituent is affected through the nitrogen

3.2—
B
-«
‘o OCH;
= 3.0 & H
B .
2; CH3..
CzHs
]
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NO,
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F1G. 1.—Plot of maximum wave numbers of 5-substituted piaselenol derivatives against
om + op of Hammett's substituent constants.

atoms at the m- and p-positions. Sawicki and Carr? determined the ultraviolet spectra of some
piaselenol derivatives in 959, ethanol. The wave numbers are greater in ethanol than in toluene.
Furthermore, while the absorption curves show some inflection in ethanol, little or no inflection is
shown in toluene, except in the case of the 5-methoxy- and 5-ethoxypiaselenol derivatives. The
difference seems to derive from the difference in polarity of the two solvents. No connection was
found between the substituent and the molar extinction. The present investigation shows that 3,4-
dichloro-1,2-phenylenediamine should be the most sensitive reagent for selenium, because the
extinction of 4,5-dichloropiaselenol is the highest of the piaselenol derivatives studied.

Acknowledgement—The authors wish to express their sincere thanks to Dr. R. L. Clark of Merck
Sharp and Dohme International for a generous gift of 4-nitro-, 4-methyl-, 3,4-dichloro-, 4-chloro-,
4-ethoxy- and 4-cthyl-1,2-phenylenediamine.

Masako GoTd*
Department of Chemistry Kyon ToEx
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Okayama University
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* Present address: Maruzen Petrochemical Co. Ltd., Minami-ku, Osaka, Japan.
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Summary—Some 4-substituted 1,2-phenylenediamines have been
investigated to ascertain if they provide an increased sensitivity over
1,2-phenylenediamine for the spectrophotometric determination of

selenium (IV). 3,4-Dichloro-1,2-phenylenediamine appears to be the
most sensitive of the reagents studied.
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LETTERS TO THE EDITOR

Specific and selective reactions
SR,

Although the terms specific and selective date from many years ago, it is now generally conceded
that there is no such thing as a specific reagent and, therefore, one always speaks of a specific reaction.
The term selective reagent is still widely used, but requires some qualification; nebulous terms,
such as very selective, highly selective, non-selective, moderately selective, which are used have little
meaning, and there is a definite need for selectivity to be clarified in some way.

A possible simple approach would be to use a Selectivity Index Number. Thus, if only one ion
responded to the reaction in the most favourable circumstances possible, the reagent would have
a Selectivity Number of 1. If two ions responded to the reaction, the reagent would have a
Selectivity Number of I1. Perhaps three to five responses would be given a Selectivity Number of
III and so on. Obviously, as the Selectivity Index increased it would be necessary to include more
ions in the group. It would not be necessary to have more than about six or seven groups because
after a few groups the term selectivity would become meaningless. If the selectivity of a reagent
were enhanced by the discovery of some new masking reagent, it would be promoted to a higher
group. A reagent which has a Selectivity Number of I would be regarded as providing a specific
reaction.

This suggestion was made to my friend Professor Louis Gordon at the Case Institute of Tech-
nology, Cleveland, Ohio, U.S.A., who was sufficiently interested to hold a Seminar Discussion on
the topic. The result of this led to a proposal that the term specific and selective be abandoned
and that a tabular list of properties be attached to reagents. However, this suggestion, useful though
it be, does not solve the problem. For example, when one is lecturing to undergraduate classes
and the properties of a reagent are mentioned in passing, one does not want to supply every minute
detail, but only to give a qualitative indication of the properties of the reagent: the Selectivity
Index would serve this purpose.

I have also held a Seminar with my own research students to which some of my former students
were invited. As a result of this Dr. D. Betteridge has made a proposal which goes much further
than mine. A full description of Dr. Betteridge’s suggestion is contained in the following letter.

The Betteridge proposal gives at a glance a remarkable amount of information and is well worth
further discussion. It incorporates the idea of the Selectivity Index, hence one could still use this
term when making passing reference to a reagent. Dr. Betteridge’s expansion of the idea could
be used where more information is required.

R. BELCHER
Department of Chemistry
University of Birmingham
Edgbaston, Birmingham 15
England
11 November 1964

Selectivity index
SR,

The Selectivity Index Number suggested by Professor R. Belcher is a simple way of making such
nebulous terms as highly selective more precise. Because it is the reaction rather than the reagent
to which the term specific applies, it seems desirable to extend the idea of a Selectivity Index Number
to give a Selectivity Index to a reaction of analytical interest. This letter proposes such a symbol,
which will be called a Selectivity Index.

The index should contain the following information:

(1) The particular type of analytical reaction for which the reagent is to be used, e.g., gravimetric,
spectrophotometric, efc.;

(2) a semi-quantitative measure of selectivity;

(3) pH;

(4) the masking reagent, if one is used;

(5) the element which is most usefully determined by the reaction.
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Additionally, it should be simple to comprehend and possible to print.
The most natural symbol is one analogous with the symbol for an isotope. The proposed
modification is
selectivity group  useful reaction
x

pH  masking agent
where x = a letter to describe the analytical use to which the reagent is being put,
selectivity group = a letter to describe the degree of selectivity,
pH = pH range,
and masking agent = masking agent, if any.
These will be discussed, then examples of use will be given.

Type of analytical reaction
The type of reaction must be specified because the selectivity and the conditions of reaction may
vary with the use. For example, 1,10-phenanthroline is less selective when used as a masking agent
than as a spectrophotometric reagent. The conditions required to effect a precipitation may differ
from those needed in an extraction, so the two cases should be noted separately.
It should be possible to indicate by a capital letter, or a capital letter and a small letter, the types
of reaction most commonly used. The following tentative list is proposed:

G = gravimetric T = titrant
S = spectrophotometric Sx = spectrophotometric after extraction
E == extractant I = indicator
M = masking reagent Q = qualitative
F = fluorimetric N = nephelometric
Selectivity group

A semi-quantitative assessment of selectivity can be made as suggested above by placing reagents
into groups according to the number of ions with which they react. These groups could then be
represented by a number or a letter, known as the Selectivity Index, which would replace such
qualifiers of selective as very, highly, non-, moderately, etc. For clarity in the final symbol it is
suggested that greek letters rather than numerals be used:

Number of ions with which reagent reacts Index
1 o
2-3 8
46 v
7-10 0
10 £

Numbers could be used if preferred, but to avoid confusion with the pH number, roman numerals
must be used. For teaching purposes, where excessive detail is to be avoided, the index could be
a

reduced to, for example, X.

PH
As one of the most important variables in an analytical reaction, the pH must be specified.

Masking reagents
Most masking reagents can be abbreviated'; because they are widely used to enhance selectivity,
their presence must be specified.

Usefulness of reaction

If the reagent falls in group « or B, any ion of special interest could be noted. Ifit so happened
that a reagent was in group ¢ but differentiated between two similar ions, e.g., rubidium and
caesium, this could be noted. This is a useful feature of the symbol because in the example cited
it would be a simple matter to remove other interfering ions before the addition of the reagent.

Examples
A few random examples are now given to illustrate the use of the symbol:
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a Pd « Ni a Ni
dimethylglyoxime G G Sx
1 4-10 NH, 7-10 NH,
€ o Bi f Nb
4-(-2-pyridylazo)resorcinol I I S
3-10 1-2 HNO, 6 EDTA
y Pb « F
Alizarin Fluorine Blue I 5
4 45 Ce
Discussion

In essence the proposed symbol gives an abstract of the reaction and specifies, rather crudely,
the selectivity under a given set of conditions. It cannot, of course, replace the literature or give
full details, but it serves as a useful guide and it does place the emphasis on the reaction rather than
the reagent.

There are several limitations. The extent of a reaction is not only dependent on pH but also
on the reagent concentration. However, whilst the [H*] may vary by a factor of 10", the reagent
concentration is usually of the order of 0-1-0-01M. Similarly, the per cent extracted at a given pH
and reagent concentration will vary with the solvent used and it is impossible to specify all the
possible solvents. This again is usually a second order consideration. In any case, most of these
objections can be made against current descriptions of selectivity and in practice are not serious.

The specifying of a useful reaction is both a strength and a weakness. If several useful reactions
are known the choice may be subjective rather than objective. On the other hand, the proposed
symbol does embody masking reagents where the usefulness may be measured by the number of
ions with which the reagent does not react and for which the normal terms of selectivity are not
suited.

The advantages of the symbol are that it is simple, small, easily comprehensible and printabie
and that it contains most of the information of analytical importance.

Corollaries

For a Selectivity Index to be meaningful a large number of ions must be examined. Therefore,
if a proposal were made about the use of the term selectivity, it would be logical to draw up a
minimum list of ions which must be examined before making any claims about selectivity. This
would end such claims as a ““specific reagent for copper, which is not affected by sodium, potassium
and nitrate ions in a thousand-fold excess™!

The degree of acceptable interference should be standardised so as to make selectivity groupings
meaningful. Here again, there is a wide view of what constitutes an acceptable interference, but a
standard guide would have a practical use. A working definition follows. An ion shall be called an
interference if, when present in a 100-fold (molar) excess, it shall cause an error of greater than 0-5%
in a gravimetric or titrimetric procedure or greater than 5% in other procedures.

D. BETTERIDGE
Department of Chemistry
University College
Singleton Park
Swansea, Wales
11 November 1964
REFERENCE

Y Handbook of Analytical Chemistry, ed. L. Meites. McGraw-Hill Book Co., Inc., New York, 1963.
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EDITORIAL NOTE

The Editor-in-Chief has been asked by the authors to emphasise that the above ideas are purely
tentative and that the purpose of the letters is to invite criticism and further suggestions. Talanta
is willing to publish letters from other people who now wish to make a contribution to this subject.
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TALANTA MEDAL

The Editorial Board of Talanta has pleasure in announcing that, with the approval
of the Advisory Board, the third award of the Talanta Medal [see Talanta, 1964,
11 (4), xi] has been made to

PROFESSOR 1. P. ALIMARIN

of the Vernadsky Institute of Geochemistry and Analytical Chemistry, U.S.S.R.
Academy of Sciences, Moscow.

Professor Alimarin’s scientific activities range over an extraordinarily wide field of
analytical chemistry, from the investigation of new organic reagents (especially for
photometric purposes), through the application of separation methods such as ion
exchange or solvent extraction, to ultramicro analysis. His work on the analysis of
the rarer elements, especially niobium and tantalum, is worthy of special attention in
this connection. However, he has also made essential contributions to the determina-
tion of zirconium and scandium. In recent years he has devoted himself to the ap-
plication of radioactive isotopes to analytical chemistry.

Outside the U.S.S.R., Professor Alimarin has become known also through his
publications on the qualitative microanalysis of minerals and ores, his textbook of
semimicro qualitative analysis and his monograph on inorganic ultramicro analysis.
In this very field of ultramicro analysis, he has laid the groundwork for wider applica-
tion by his introduction of electrochemical indicator methods.
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AUTOMATIC AMPEROMETRIC TITRATIONS USING
A MERCURY CATHODE*

SAMUEL A. MYERS, JR. and WILLIAM B. SWANN
FMC Corporation, American Viscose Division
Research and Development
Marcus Hook, Pennsylvania, U.S.A.

(Received 19 March 1964. Accepted 25 August 1964)

Summary—An apparatus for performing automatic amperometric
titrations is described which uses a stationary mercury electrode as
well as the twin platinum electrode system. The titration of sulphate
with lead nitrate is given in detail. Quantities as low as 0-001 mmole
of sulphate can be determined. Titrations of lead with sulphate,
nickel with dimethylglyoxime, lead with dichromate and iodine with
thiosulphate are discussed. Results are presented to show the precision
and accuracy for inorganic sulphates 4nd organic sulphur compounds.

INTRODUCTION

AMPEROMETRIC titrations do not represent a new technique; the principle was first
proposed by Salomon! in 1897. The titration of sulphate with lead ion which was
reported by Majer? in 1936 is representative of this type of analysis. The titration
itself, however, is slow and tedious, requiring many manipulations, e.g., the manual
addition of titrant, purging and stirring after each addition, and measuring the current
to obtain each point on the graph. In all probability, because of these drawbacks,
this precise and accurate technique has not found wide use in industry. Therefore, it
becomes advantageous to render the titration automatic, thus increasing the speed
with which each titration may be made. Several papers have been published describing
automatic amperometric titrations in which solid indicator electrodes were employed.
In this type of determination the burette delivers the titrant at a definite flow rate to
a stirred solution of the sample. (Coulometric generation of reagent might be sub-
stituted for a burette.) A recorder attached to the output of the electrodes will plot
a continuous curve. Murayama® has converted the titration of mercaptans with
silver nitrate, using a rotating platinum electrode, into a patented recording titrator.
Juliard* determines small quantities of chloride automatically using a pretreated
silver cathode and utilising mechanical stirring. Commercial units are available for
performing, automatically, the titration of small quantities of water by Karl Fischer
reagent, employing a set of twin platinum electrodes. Gonzales Barredo® reports the
automatic titration of arsenic trioxide with potassium bromate using a rotating
platinum electrode.

No mention has been found in the literature of an automatic titration using a
mercury cathode. The oscillating current of the dropping mercury electrode (DME),
in addition to the sensitivity of the drop to stirring of the solution, makes it unsuitable
for automatic titration.

* Paper presented on 5 March 1963 at Pittsburgh Conference on Analytical Chemistry.
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The mercury cathode, however, offers the advantage of hydrogen overvoltage.
This is the reason why the DME finds such a wide variety of uses in polarography
and why it would be favourable to apply this type of electrode (i.e., a mercury
cathode) to amperometric titrations. The purpose of this paper is to report our
examination of this application.

EXPERIMENTAL
Apparatus

The apparatus consists of a JKM constant-rate syringe drive using a 50-ml Luer-type syringe;
a Leeds and Northrup Electrochemograph, Type E (automatic recording polarograph); a silver-silver
chloride reference electrode with 1M lithium chloride as the salt bridge; and a stationary mercury-
pool electrode which will be described in detail later.

Nitrogen was used to purge the solution and also provides stirring during the titration.

Procedure

A titration is run in the following manner: the solution is purged with nitrogen to remove traces of
oxygen. The electrodes are immersed in the solution along with the delivery tip of the syringe. A
suitable potential is placed between the electrodes. In the case of the titration of sulphate with lead
the potential can be between —0-6 and —1-2 V. The bubbling of nitrogen is continued, to provide
stirring. The chart drive on the polarograph is then turned on, and the syringe drive is started when
the pen of the recorder passes a reference line on the chart paper. The end-point is indicated by a
sharp rise in the flow of current in the case f the titration of sulphate with lead. The titration is
continued until somewhat past the end-point.

Mercury cathode

A detailed diagram of the mercury pool electrode is shown in Fig. 1. The electrode consists of
levelling bulb filled with mercury at (1), which is connected with Tygon tubing to a stopcock at (2).
A piece of platinum wire is sealed into the glass below the stopcock at point (3), providing the
necessary electrical contact. The reservoir and stopcock assembly are connected to the electrode
[designated as point (4)] by a short length of Tygon tubing.

Mercury pool
I— electrode
id. = Imm
/od =7 mm
7
//
2
3 il
/s
/s
/s
// 18¢cm
4 —
2
e —— 25cm
— y

FiG. 1.—Mercury-pool electrode.

The dimensions of the electrode are given in the enlarged drawing to the right in Fig, 1. The
optimum i.d. of the capillary was found to be about 1 mm;  the other measurements are not critical,
and can be varied as conditions require.

As can be seen in Fig. 1, the short end of the electrode is formed into a small cup. The pool of
mercury which rests in this cup can be renewed by opening the attached stopcock should contamina-
tion be suspected. Contamination is not a problem in all titrations; for example, ten samples of
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0-1 mmole of H,SO, in 100 ml of methanol were titrated in succession on the same pool of mercury
without distortion of the curve or the end-point. Distortion of the curve was noticed when the pool
was made too large. Fig. 2 shows the optimum size of pool, i.e., one in which the top of the pool is

F1G. 2.—Details of mercury pool.

at a level with the edge of the cup. A much larger pool has the tendency to shake, resulting in
undesirable fluctuations in current. The tubing between the stopcock and the electrode is fitted with
an adjustable pinch clamp which allows easy adjustment of the pool size.

Determination of sulphur by Parr bomb

Most of the work done by this method involved the titration of sulphate with lead nitrate, with
methanol or ethanol as the solvent. Standard H;SO, was used for preparing the calibration curves.
Solutions of lead nitrate were used as the titrant. Some typical results can be seen in Table L.

TABLE I.—AMPEROMETRIC TITRATION OF
SO~ wiTH Pb(NO;),

C.R. = 10 ua full-scale
Damping = 2
Titrant: Approx. 1:-0M Pb(NO,),
Sulphur
in approx. 75 ml Chart
of methanol, mmole divisions
0-940 96
1-880 199
2-820 290
3-760 410
C.R. =1 ua full-scale
Damping = 3
Titrant: Approx. 0-002M Pb(NO;),
Sulphur
in approx. 75 ml Chart
of methanol, mmole divisions
0-001 26
0-002 54
0-003 78
0-004 106

In order to test the applicability of this type of titration to the analysis of organic sulphur-
containing compounds, three standards were chosen. In each case the compound was an Eastman
white-label reagent.

The sample was ignited in a Parr oxygen bomb using distilled water as the absorbing solution.
The sample was diluted with methanol and titrated as described above. The final concentration of
methanol was ca. 907;. The samples were also analysed by an alternative method using the Dictert
furnace® followed by titration with barium perchlorate. The results appear in Table II.
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TABLE II.—DETERMINATION OF SULPHUR IN ORGANIC COMPOUNDS
USING AUTOMATIC AMPEROMETRIC TITRATION AND ALTERNATE
MANUAL TITRIMETRIC METHOD

Sulphur, %

Compound Parr Dieter

Theory bomb furnace
Thiourea 42:0 422 422
42-0 429
Diphenylthiocarbazone 125 12:6 126
127 123
N-Ethyl-p-toluenesulphonamide 161 16-7 15-5
168 158

Known quantities of diphenylthiocarbazone were mixed with dextrose to produce mixtures
containing 0129 and 0-0127; of sulphur. These were determined by Parr bomb ignition, and the
results of these analyses are shown in Table III.

Twenty-three samples of nitrocellulose-type materials were analysed for sulphur content by this
method. Ten of the samples showed a sulphur content of from 0-01 to 0-11 9. The standard deviation
between duplicates was 0-01. The remaining thirteen samples contained from 0-14 to 0-51% of
sulphur and gave a standard deviation of 0-022.

TABLE III.—DETERMINATION OF SULPHUR
IN A MIXTURE OF DIPHENYLTHIOCARBAZONE
AND DEXTROSE

Mixture Theory, % Found, %

1 012 010
012

2 0012 0-012
0010

Determination of sulphur by oxygen flask ignition technique

The method of Gildenberg,’ using the oxygen flask method of ignition, was employed to determine
sulphur in 2-benzyl-2-thiopseudo urea hydrochloride. The absorbing solution was diluted with
ethanol and titrated. Both manual and automatic titrations were applied to the analysis and no
significant difference was noted between the results. The concentration of alcohol was about 75%.

Titration of lead

The reverse titration, i.e., the titration of lead ion with sulphate, a titration in which the current
decreases to a minimum and levels off past the end-point, was also attempted. In this case the curves
were not well defined and the end-point was not reproducible.

Lead ion may be titrated using this electrode system at an applied potential of zero volts, with
potassium dichromate. At this potential lead is not reduced, but dichromate is reduced. An ad-
vantage of this titration is that it does not require the removal of oxygen from the solution.

If the potential is increased to —0-6 V, both lead and dichromate are reduced at the cathode.
The titration of dichromate with lead was also found to give satisfactory resuits.

In each case calibration curves were run. The precision was as good as the sulphate-lead titration.
Nitrogen provided the stirring, and acted as the purging agent where necessary.

Titration of nickel with dimethylglyoxine

The titration of nickel ion with dimethylglyoxime was attempted using this electrode system,
without success. Presumably the precipitation reaction does not take place fast enough for this type
of titration to be performed automatically. The results were highly erratic.

Iodine-thiosulphate titration using twin platinum electrodes
In order to test the entire titration system, using other electrodes, twin platinum electrodes were
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substituted and the iodine-thiosulphate titration was studied. Fig. 3 shows the graph of the titration
of thiosulphate with iodine. Here current does not flow until there is an excess of iodine. Fig. 4
shows the reverse titration, i.e., iodine with thiosulphate.

Current

01 M iodine, m{

FIG. 3.—Titration of thiosulphate with iodine using twin platinum electrodes
(C.R. = 5; damping = 2; voltage = —0-10)

Current

v
End point—~

L1 1 N 1t FE §

O| M thiosulphate, m(

FiG. 4.—Titration of iodine with thiosulphate using twin platinum electrodes
(C.R. = 5; damping = 2; voltage = —0-10)

Zusammenfassung—Fin Geriit zur automatischen amperometrischen
Titration mit stationdrer Quecksilberelektrode und mit zwei Platinelek-
troden wird beschrieben. Die Titration von Sulfat mit Bleinitrat wird im
einzelnen beschrieben. Es kann bis herunter zu 0,001 mMol Sulfat
bestimmt werden. Die Titration von Blei mit Sulfat, von Nickel mit
Dimethylglyoxim, von Blei mit Dichromat und von Jod mit Thiosulfat
wird diskutiert. Angegebene Daten belegen Genauigkeit und Rich-
tigkeit in der Bestimmung anorganischer Sulfate und organischer
Schwefelverbindungen.

Résumé—On décrit un appareil pour dosages ampérométriques auto-
matiques. Il utilise une électrode stationnaire de mercure, aussi bien
que le systéme A électrodes de platine couplées. On décrit en détail le
dosage des sulfates au moyen de nitrate de plomb. On peut doser des
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guantites de sulfate aussi faibles que 0,001 millimole. On discute des
osages de plomb au moyen de sulfate, nickel au moyen de diméthyl-
glyoxime, plomb au moyen de bichromate et iode au moyen d’hypo-
sulfite. On présente des données montrant la précision et la justesse
dans le cas de sulfates inorganiques et de composés organo-sulfurés.
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Summary—Amperometric detection of the end-point, using two
identical platinum electrodes at a constant applied potential, has been
investigated for the chelatometric determination of thallium(III).
It is possible to titrate thallium with 0-005-0-05M EDTA solution
at an applied potential of 0-2-1-8 V. The optimum pH is 1-2, and in
the presence of fluoride ion as a masking agent the determination is
then highly selective.

PREVIOUSLY, we have used biamperometric detection of the end-point of a chelatometric
titration'2 for the determination of iron(III) in the presence of iron(II) in metallurgical
materials.? Good results have now been obtained for the determination of thallium(III).
As in the case of the amperometric determination of iron, unsatisfactory results
were obtained from the interpretation of potential-current titration curves. Again
it appears that the electrode process differs when the applied potential is.changed
and when it is kept constant.

In this paper are presented empirical results which enable the elaboration of an
analytical procedure for a highly selective and accurate determination of thallium by
EDTA biamperometric titration.

EXPERIMENTAL
Reagents

0-05M EDTA solution. Standardised by titration against iead nitrate. A 0-005M solution was
prepared by suitable dilution.

Standard 0-05M thallium(III) nitrate solution. Prepared by dissolving 44-446 g of TINO,.3 H,0
in a minimum of water followed by a two-fold evaporation to dryness with 50 ml of aqua regia.
After addition of a few ml of nitric acid (1:1) to the residue, a solution of thallic salt was obtained
and this was diluted to 2000 ml with water. A 0-005M solution was prepared by suitable dilution.

IM Buffer solutions. Prepared from 1M trichlor- and monochloracetic acids and acetic acid
by neutralisation with aqueous ammonia (1:2) under electrometric pH control.

All other solutions were prepared from reagent-grade chemicals and standardised by recommended
procedures.

Apparatus

A “dead-stop” instrument was used for the biamperometric titrations with a micro ammeter
(0-05 A) or the current was measured with an electronic polarograph (Polarecord E 261, Metro-ohm,
Switzerland). The indicator electrodes were two identical platinum plates (5 X 6 x 0-2 mm).
pH was measured with an ¢lectronic pH meter (Multoskop V, Lab. potieby, Prague, Czechslovakia)

* Part I: see reference 2.
2 139
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and a glass electrode. The titrations were carried out with an automatic burette (motor-driven
hypodermic syringe) reading to +0-005 ml.

Procedure

To a known amount of thallium(IIl) nitrate (0-05 or 0-005M solution) were added 10 ml of 1M
buffer solution and a known amount of 1M nitric acid, followed by any compound whose influence
on the titration was being studied (see later), After dilution to 100 ml the resulting solution was
titrated with 0-05 or 0-005M EDTA solution at a suitable applied potential. During the titration the
solution was stirred with a propeller (1500 rpm). After each addition of the titrant the value of the
current was read, stabilisation of the current being practically instantaneous. Quantitative evaluation
of the titrations was carried out graphically. All results presented in this paper are an arithmetical
mean of three determinations,

RESULTS AND DISCUSSION

Influence of pH

In buffered solutions of pH 1-6-3-8 the pH has no influence on the titration.
Titrations at a pH higher than 3-8 showed results which are analytically without value.
This is because in this pH range the competitive complex formation of the acetate
buffer solutions used influences the measured current (very small current before starting
the titration). The titration is even possible in dilute nitric acid solution, but only at a
concentration of 25 ml of 1M nitric acid/100 ml is the detection of the end-point
sufficiently reliable (see Fig. 1). With respect to the selectivity of the determination,
which increases with decreasing pH, the titrations were carried out in solutions of pH
1-6 (a buffer solution of 0-1M trichloracetic acid partially neutralised with ageuous
ammonia, which has a minimum complex forming ability). A detailed study of ail
equilibria taking place in the studied system had shown that a minimum error for the
chelometric titration of thallium is obtained at pH 1-7.4

Influence of applied potential

The applied potential has practically no influence on the amperometric determina-
tion of thallium, which was also the case in the amperometric determination of iron
with two polarisable platinum electrodes. Fig. 2 shows that the value of the applied
potential influences the absolute value of the current in particular stages of the
titration. By using a sufficiently sensitive galvanometer it is possible to titrate thallium
even at a relatively low applied potential (Fig. 3).

Titration of thallium with 0-005M EDTA at various applied potentials is shown in
Fig. 4, the optimum course of the titration curve being at an applied potential of 1-2 V,
where detection of the equivalence point is very sharp. At a higher applied potential
the absolute values of the current are higher, but the relative changes of the current are
not so expressive as at a potential of 1-2 V,

Influence of stirring, temperature and question of passivation of electrodes

The course of titration is not influenced by the intensity of stirring if the solution
in the neighbourhood of the electrodes is stirred intensively (more than 500 rpm).

Under the described conditions, stabilisation of the current during the titrations
proceeds satisfactorily, and formation of the complex of thallium with EDTA is also
rapid enough. Temperature does not influence these phenomena and under the
described conditions the titration can be carried out at room temperature.

When the titration is repeated many times, no accumulation of solid products of the
electrode reaction occurs on the surface of the electrode.
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FiG. 3.—Influence of applied potential (0-2-0-4 V) on titration of thallium(III) using
0-05M EDTA solution:

1. 04V; 2.02V.
[2 ml of 0-05M TI(NO,),; 10 mli of 1M buffer solution (pH 3-1); total volume: 100 mi]

40—

o] i l

0,005M-EDTA, mL
Fic. 4.—Influence of applied potential (1-1-1-8 V) on titration of thallium(III) using
0-005M EDTA solution:

1. 1-8V; 2. 16V, 3,15V, 4, 112V, 5. 111V,
[2 ml of 0-005M TI(NO,),; pH: 1:6; total volume: 100 mi]
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Sensitivity and accuracy

A series of titrations of thallium (0-5-4-08 mg) was carried out with 0-005M
EDTA solution at an applied potential of I-2 V and pH 1-6. The ecrror was found to be
1% rel. InFig. 5 are shown the titration curves for the amperometric titration of 5-1-
40-8 mg of thallium; the mean error in this case was not greater than 0-3% rel.

O,05M-EDTA, mL

FiG. 5.—Titration of thallium(IIl) using 0-05M EDTA:
1. 51 mgof Tl 2. 102 mg of Tl;
3. 204 mg of TI; 4. 30-6 mg of T;
5. 40-8 mg of TL
[0-5-4 ml of 0-05M TI(NO,),; 10 ml of 1M buffer solution (pH 1-6); applied potential:
1-2 V; total volume: 100 ml]

Selectivity

The biamperometric determination of thallium is highly selective. Bivalent metals
do not interfere with the determination. A series of determinations of thallium
(20-4 mg) was made at an applied potential of 1:2V and pH 16 with an error not
greater than 40-5% rel. These determinations were carried out in the presence of
cadmium (560 mg), zinc (650 mg), nickel (230 mg), copper (155 mg), cobalt (160 mg)
and uranium(VI) (360 mg). The given amounts of metals are not the maximum
possible amounts which do not interfere; they merely illustrate the selectivity of the
determination. The following metals and anions do not interfere even in high con-
centrations: alkali metals, alkaline earth metals, beryllium, manganese, chromium,
titanium, silver, nitrate, perchlorate and fluoride. Chloride interferes if present in a
concentration greater than 0-1M. Bromide and iodide interfere even in small con-
centrations because they form stable complexes with thallium.

Masking of interfering elements with fluoride ion

The possibility of the determination of thallium in the presence of fluoride ion was
used for masking some interfering elements (those which are otherwise simultaneously
titrated with EDTA).
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Procedure. Thallium(IIl) (2:04 mg in 100 ml) was titrated with 0-005M EDTA solution under
optimum conditions (pH 1-6; applied potential 1-2 V). For the screening of interfering elements
10-15 ml of 1M sodium fluoride solution/100 mi were used. Any partially soluble fluoride com-

unds formed with the masked elements do not influence the course of the titration (unlike in a
visual EDTA titration).

Under these conditions, for example, thallium (116 mg) was determined in the
presence of scandium (110 mg), zirconium (45 mg), lanthanum (70 mg), praseo-
dymium (75 mg), aluminium (130 mg) and tin(IV) (60 mg) with an error +0-6%; rel.
Also in this case the given amounts are not the maximum permissible. This problem
is being studied in detail and results will be published later.

Determination of thallium in presence of iron

No direct chelometric determination of thallium in the presence of iron has
previously been described.? In the absence of a masking agent iron is titrated together
with thallium. It is well known that the masking of iron with fluoride against EDTA
is impossible in an acidic medium. In the case of aluminium masking with fluoride is
possible; this phenomenon has been used for the chelometric determination of these
two metals.® Quantitative precipitation of the anionic fluoride complex of iron(IIl) as
NayFegF, only takes place in solutions containing a great excess of sodium ions.”
For the formation of FeFg®~ in an acidic medium an excess of fluoride should also be
present.

For the screening of 30 mg of iron in the titration of 2-04 mg of thallium, the
following procedure gave good results:

To a mixture of the metals 10 ml of 1M buffer solution (pH 1-6) were added, followed by 20 mi of
1M sodium fluoride solution, the pH of which was previously adjusted to 1:6 with 1M nitric acid.
After the addition of 5 g of sodium nitrate the solution was diluted to 100 ml. In 5 min the pre-
cipitation of Na;FeF, is quantitative and the solution can be titrated with 0-005M EDTA solution.
The mean error of such a determination is 4:0-509 rel.

Influence of gallium and indjum

Because these elements are very similar in their chemical properties, their influence
on the titration of thallium can be evaluated according to the values of their instability
constants with EDTA: pKg, = 20-3, pK;, = 24-95 and pKy 111y = 22-5. This shows.
that indium will interfere even at very small concentrations. On the other hand, in the
case of gallium one would expect interference only at a higher concentration.

Experiments have shown that very small quantities of indium are actually titrated
together with the thallium(III) by EDTA, and gallium interferes only at higher
concentrations. Thallium(III) (2:04 mg) was determined in the presence of a
maximum of 17 mg of gallium with an error not exceeding 4-19 rel. At a higher
concentration of gallium detection of the end-point of the titration is not sharp,
and there is a significant positive error.

Analytical application

The biamperometric chelometric titration of thallium with two indicator platinum
electrodes is very selective and can be used for the determination of thallium in
various materials, including some metals, such as zinc and cadmium, which contain
only small amounts of thallium. Procedures for the analysis of individual materials
will be published later.
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Zusammenfassung—Die Anwendung einer amperometrischen End-
punktbestimmung mittels zweier identischer Platinelektroden bei
konstantem Potential in der komplexometrischen Bestimmung von
Thalliom(III) wurde untersucht. Es ist moéglich Thallium mit einer
0,005-0,05M EDTA-Losung und einem angelegten Potential von
0,2-1,8 V zu titricren. Bei dem optimalen pH 1-2 und in Gegenwart
von Fluoridionen ist die Bestimmung sehr selektiv.

Résumé—On a étudi¢, dans le dosage chélatométrique du thallium(III),
la détection ampérométrique du point de virage, en employant deux
électrodes de platine identiques, & potentiel appliqué constant. On
peut doser le thallium au moyen d’une solution ’EDTA 0,005-0,05M,
avec un potentiel appliqué de 0,2-1,8 V. Le pH optimal est 1-2, et en
présence d’ion fluor agissant comme agent dissimulant, le dosage
devient hautement sélectif.
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Summary—A glassy carbon electrode is used for the anodic stripping
coulometric determination of gold; the polishing procedure and the
usefulness of the electrode are shown. The effect of chloride ion in the
stripping process of gold is discussed.

ANoDIC stripping procedures are eminently suitable for the micro determination of
metallic ions, because the ions can be collected on the electrode surface before the
determination. Because suitable electrode materials have not been found previously,
the method could not be applied to the micro determination of noble metals.

While the authors’ investigation was in process, Jacobs! developed a determination
of silver and gold by using a carbon paste electrode.? Although this was the first
investigation into the determination of noble metals using an anodic stripping method,
the electrode is very difficult to produce, and training for several days is necessary to
obtain reproducible results. Recently, Yamada and coworkers® produced “glassy
carbon”, which is made from pure carbon and has a very compact surface similar to
glass. The hardness is 56 (nohs), and the density is about 1-5. It can be polished with
chromium(III) oxide emulsion by the same method as is used for the preparation of
steel samples for microscopic observation. The polished surface of the glassy carbon
electrode is suitable for the deposition of metal, and to obtain reproducible stripping
curves.

The effect of anions in the electrolyte is very important in the anodic stripping
process of noble metals, but was not mentioned by Jacobs.! Because of the high
dissolution potentials of the noble metals plated on the electrode, the evolution of
oxygen precedes the dissolution of the metals, and the oxidation of water makes it
impossible to obtain the dissolution curves. This difficulty can be overcome by the
addition to the electrolyte of any anion which decreases the oxidation potentials of
metals on the electrode surface.

Micro amounts of gold can be successfully determined by anodic stripping
coulometry using the glassy carbon electrode. The determination of micro amounts
of silver has not been investigated, here, because this element has already been
determined by stripping analysis using a platinum electrode.-®

EXPERIMENTAL
Apparatus
Polarograph. A polarographic instrument produced by Yanagimoto MFG. Co. (Type PA-102)
is used to provide the redissolution potential for the plated metal, and for recording the dissolution
current. The total resistance of the potentiometer drum of this instrument is 200 Q and the speed of

* Institute of Techno-Analytical Chemistry, Faculty of Engineering, Nagoya University, Chikusa-
ku, Nagoya, Japan.
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potential change is 200 mV/min. The sensitivity of the recorder was kept at 0-400 zA/mm during
this investigation (full scale = 80 uA; input impedance = 5 KQ).

Electrode. A carbon rod (5 mm diameter and 100 mm long) made glassy by heating at 2000°
is used as a working electrode. The sides of the electrode are covered with epoxy resin, and the
surface of the end is polished for work with gold. Polishing of the electrode is necessary in order to
obtain reproducible results. It is polished first with a series of emery papers of increasing fineness,
then with chromium(III) oxide suspension on a rotary table polisher. With this treatment a glossy
surface can be obtained. This process is neéarly the same as the polishing of samples of steel for

Polaro-
graph

SCE.  K,S0,

Fic. 1.—Apparatus:
R: recorder,
#A: 100-4A meter,
C: glassy carbon electrode.

microscopic examination, and the electrode surface thus produced gives reproducible results in the
determination of gold. Finally, the prepared surface of the electrode is washed with aqueous ammonia,
and rinsed thoroughly with water; the electrode is then ready to use. If fatty materials are on the
surface of the electrode they must be removed. The electrode can be renewed by washing with
agua regia, polishing with chromium(III) oxide and washing with aqueous ammonia.

The cell is similar to a weighing bottle, and is 35 mm in diameter and 50 mm in height. A magnetic
stirrer is used for stirring the electrolyte, and the temperature of the electrolyte is thermostatted to 30°.

A schematic diagram of the apparatus is shown in Fig. 1. The potentiometer-type circuit is
conveniently used for the constant potential electro deposition of gold.

Reagents

All chemicals are of reagent grade, and are used without further purification except hydrochloric
and nitric acids, which are purified by distillation.

Standard gold solution. Prepared® by dissolving a weighed amount of pure gold (99:99%)
with agua regia, and evaporating the solution to small volume (not to dryness). Add hydrochioric
acid and again evaporate the solution to a small volume; repeat the addition of hydrochloric acid
and the evaporation until the solution is free from nitric acid. Dilute the solution with water to a
definite volume,

Procedure

Because of the better reproducibility of the results, anodic stripping coulometry is preferable to
anodic stripping voltammetry. The following procedure was adopted in the present work.

A known volume of gold solution (containing 1-2 ug of gold) is placed in the cell, and a measured
volume of perchloric acid is added. In order to expel chloride, evaporate the solution until it fumes.
Cool and dilute with water to 15 ml. Place the cell in the thermostat and connect up the apparatus
as shown in Fig. 1.

Electrolyse the solution at constant potential (0-4 V vs. S.C.E.). Electrolyse for a definite time,
then add 1-5 ml of 0-1M hydrochloric acid to the electrolyte. Stop the stirrer, then turn the switch
to the position of polarograph, and strip the gold deposit anodically, the potential of the electrode
being scanned from 0-5 to 1-3 V vs. 8.C.E.

A blank experiment must be performed in exactly the same way as above. The areas beneath the
curves obtained both by stripping the gold deposit and by the blank experiment are measured with a
planimeter.
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RESULTS AND DISCUSSION
Electrolyte

In order to investigate the effect of chloride ion in.the electrolyte, perchloric acid
was used as the supporting electrolyte. It is also suitable for the analysis of samples
containing silver.

Dissolution current

03 05 07 0.9 14 13 15
Potential, V vs. S.CE.
Fi1G. 2.—Dissolution curve,

The various standard potentials between gold and gold ions are:?

Aut + e=2Au E°=1-68V )
Auvdt 4+ 3e = Au E°=150V 3]
AuCl + e= Au+ CI- E°=1-17V 3

AuCly-+3e=Au+4Cl- E°=1-00V 4

Because the standard oxidation potential of water is 0-45 V lower than E° in reaction
(1), and 0-27 V lower than E° in reaction (2), oxygen may be produced on the anode
surface before the dissolution of gold, so that gold(I) or gold(III) ions cannot be
obtained by the anodic dissolution process. Also, because the standard potentials of
reactions (3) and (4) are, respectively, 0-06 V and 0-23 V lower than that of the oxidation
of water, the anodic stripping curve will be obtainable in electrolytes containing
chloride ion. With the experimental conditions used in Jacob’s paper,! a considerable
amount of chloride ion from the standard solution of gold was contained in the
electrolyte.

Preliminary experiments showed that the dissolution curve of gold was not ob-
tained with an electrolyte free from chloride ion and that the curve was similar to that
of the blank experiment (curve Iin Fig. 2). The effect of the concentrations of chloride
ion and of perchloric acid on the dissolution curve of gold are shown in Table I. The
form of and hence the area under the dissolution curve are slightly changed by the
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TABLE I.—EFFECT OF THE CONCENTRATION OF
HYDROCHLORIC AND PERCHLORIC ACIDS IN THE

ELECTROLYTE
Dissolution
HClO,, HCI, curve area,
M M cm?

1-0 0-001 10-6
1-0 0-01 271
1-0 0-05 252
1-0 01 221
05 0-01 305
01 0-01 17-0

Au: 130 ug; time of plating: 60 min.
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Potential, V vs. SCE.
F1G. 3.—Plating potential vs. dissolution-curve area.

concentrations of hydrochloric and perchloric acids. The results given in Table I
show that the optimum concentrations of hydrochloric and perchloric acids are 0-01M
and 0-5M, respectively.

Plating potential

According to experiments using controlled potential electrolysis for the deter-
mination of macro amounts of gold, the value of 0-70 V vs. S.C.E. was preferred in
0-7M nitric acid media,® and 0-60 V in 0-3M hydrochloric acid containing 0-14M
hydroxylamine hydrochloride. For the micro determination of gold, however, the
potential should be lowered for successful deposition.®

Harrar and Stephens® have recently reported that a potential of 0-48 V vs. S.C.E.
was preferable in 0-5M hydrochloric acid solution for the determination of milligram
amounts of gold. Fig. 3 shows the dissolution-curve area as a function of the potential
of the cathode. From these results, cathode potentials less than 0-6 V vs. S.C.E. are
suitable for the deposition of gold, so that 0-4 V vs. S.C.E. is preferred as the cathode
potential in this investigation. The potential should be lowered for the analysis of
more dilute solutions.!
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Time of electrodeposition

The dissolution-curve area depends largely on the time of electrodeposition of gold,
and the relation between the area and the time is illustrated in Fig. 4. The curve shows
that the electrodeposition of gold on the cathode is not complete even after electrolysis
for 6 hr. The deposition time must, therefore, be closely controlled.
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Time of electrodeposition, hr
FIG. 4.—Time interval of electrodeposition vs. dissolution-curve area,

Recently, Lingane!® investigated the equilibrium between tetrachlorogold(III) ion
and gold in hydrochloric acid media, and proved the reaction

AuCly~ + 2Au 4 2CI = 3AuCl; .

The number of coulombs calculated from the dissolution-curve area after electro-
deposition for 6 hr is, however, larger than that calculated stoichiometrically from
reaction (3). Considering the slow rate of the reaction studies by Lingane, it may be
supposed that reaction (4) is preferred in this stripping process.

Dissolution-curve area as a function of amount of gold (Calibration curve)

A calibration curve of dissolution-curve area as a function of the amount of gold
present in the electrolyte. The following experimental conditions were used: potential
of the cathode: 0-4 V vs. S.C.E.; concentrations of perchloric acid and hydrochloric
acid: 0-5M and 0-01M, respectively; time of electrodeposition: 2hr. Other con-
ditions were as used previously. The calibration curve was a straight line, over the
range of at least 1 to 10 ug of gold, with a slope of 3-2 cm? - ug2.

Zusammenfassung—Der Nutzen der glasigen Kohlenstoffelektrode
bei der anodischen “stripping”-Coulometrie von Gold wurde gezeigt
und der zugehdrige Polierproze8 beschricben. Auch der Einflu8 von
Chlorid beim “stripping”-Proze8 von Gold wurde diskutiert.

Résumé—On établit la technique de polissage de I’électrode de carbone
vitrifié, ainsi que son activité, lorsqu’on I'utilise pour le dosage coulo-
métrique anodique par dissolution de I'or. On discute aussi de Ieffet
de Vion chlore sur le processus de dissolution de I’or.
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Summary—The use of steady-state controlled-potential electrolysis in
the investigation of the kinetics of redox reactions has been examined
with regard to theory, instrumentation, experimental variables and
types of systems amenable to study. The method is precise, allows
the evaluation of rate constants over a range of many orders of magni-
tude to a maximum of about 10° mole~*. sec™?, and may be especially
useful in the investigation of systems in which one of the reactants is
unstable and can be generated at an electrode.

INFORMATION regarding the kinetics of a reaction can be useful in choosing optimum
experimental conditions for carrying out that reaction. The application of controlled-
potential electrolysis in the investigation of the kinetics of homogeneous solution
reactions has been approached through the relationship between kinetic parameters
and the apparent extent of oxidation or reduction during electrolysis,’* and the
relationship between kinetic parameters and the steady state current obtained during
an electrolysis opposed by a chemical regeneration of the electroactive material in the
bulk of the solution.:® This paper examines the basic principles and experimental
limitations of the latter approach.

THEORY

If a bulk electrolysis is carried out on a substance, A, to yield a product, B, at an
electrode whose potential is maintained constant and under limiting current conditions,
the current will decay exponentially with time, according to i = ie~**, where i, is
the current at time zero and 1 is a constant depending upon prevailing mass transfer
conditions, cell geometry, solution volume, electrode area and stirring.’

If, however, the electroactive species, A, is regenerated by a chemical reaction
between the electrolysis product and some species, C, in the bulk of the solution

P
(B+C k;‘l A + D), the current, after an initial decay, will attain some steady-state

value (Fig.ll). This steady-state current, which results when the rates of the electro-
chemical process and the chemical reactions in the bulk of the solution become equal,
can be used to obtain information about the kinetic parameters of the chemical
reaction. The relationship between the steady-state current, iss, and the rate of the

* Presented at the 19th Congress of the International Union of Pure and Applied Chemistry,
London, 1963.
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chemical reaction is shown by the following.
The rate of the electrode reaction is given by

dA) _
de
where A is the concentration of the electroactive species, i the electrolysis current, n
the electron change, F the faraday and V the volume of solution in the electrolysis
cell. The rate of the chemical reaction, for simple kinetics, is given by
d(B)

=2 = —k(BF(CY @

i
AA) = TV n

Iffelectrolysis is begun with only A and C present, the rate of the electrolysis
regstion will decrease as time passes, because of a decrease in the bulk concentration

log i

M

(2)

t

FIG. 1.—Reaction schemes:—

+ne
(DA~——>B

+ne
QDA—>B; B+C—-A+D

of A, and the rate of the chemical reaction will increase because of an increase in the
bulk concentration of B. Eventually, a situation will be reached in which the rates of

d(A) d(B
the two reactions become equal, i.e., —g—tl = -—fi-;—)- , and the electrolysis current, now

a steady-state current, attains a constant value.

d(B
Before steady-state is reached, -fit_) is given by

d(B)

- = ~RBCY + kL (A)ND)" + A(A),
where k, and k_, are the forward and backward rate constants for the chemical

d(B
reaction taking place in the bulk of the solution. At steady state, —((F) = 0, and for
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a chemical system in which the contribution from the back reaction is negligible,
we have

ky(B)(CY = XA) (3)
and from (1), (2), and (3),

iss . d(B)
= k(B){C) = —
nFv {(BYC) ds
a relationship between the steady-state current and the rate of the chemical reaction.
The effect of the various reactants and products, A, B, C and D, on the rate of the
chemical reaction can be tested by varying their steady-state concentrations and

observing the corresponding variation in steady-state current.

Potentiostat Counter
Current
recorder
L A .
- Potentiometer
Voltage -to-
rﬁR I R Frequency
w y 1 sasvas S

| R =y LORYEIICKH
RE C‘El} ]

3

Cell

FiG. 2.—Diagrammatic representation of experimental arrangement.

INSTRUMENTATION

A scheme of the type of experimental arrangement used is shown in Fig. 2. A potentiostat iis
used to maintain the potential of the working electrode constant. The control potential should (be
monitored with a high-impedance voltmeter so that loss of potential control arising from resistance
limitations, for example, can be observed. The electrolysis current may be followed with.either an
ammeter or a recorder. A recorder is preferred because it shows any spurious change:in current
which might not otherwise be observed. The recorder resistance should be low in orderito'minimise
iR loss in this part of the circuit. The pen speed of the recorder is unimportant except in cases where
steady-state is reached very rapidly.

Cell design

An electrolysis cell of the type described by Meites® may be used. In the cases where potential
control is very important, however, i.e., where potential gradients cannot be tolerated, a cell with
maximum symmetry should be used. (The problem of potential gradients has been discussed
Booman and Holbrook,® who report potential gradients up to 125 mV at 40 mA across a 4-cm diam-
eter mercury pool electrode with poor working counter electrode geometry.)

For electrolyses in which a high mass transter coefficient is required (for study of systems in which
the chemical reaction is fast), a cell such as that described by Bard’ may be used. This small volume
cell makes use of ultrasonic stirring and has been shown to yield a mass transfer coefficient as high
as 0.1 sec™,

PRACTICAL CONSIDERATIONS
The steady-state concentration of reactants may be estimated from the current-
concentration relationship, spectrophotometrically, and/or from the amount of
reactant added to the cell.

3
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The steady-state concentration of the electrode product may be estimated from
the electrolysis current-electroactive species concentration relationship in the following
manner. The electrolysis current is proportional to the concentration of the electro-
active species at any time, i.e., i, = k’(A). The proportionality constant, k', may be
determined from i, = k’(A),, where i, is the initial current obtained by extrapolation
to time zero, and (A), is the initial concentration, which is known from the amount of
A added to the cell and the cell volume. The concentration of A at steady-state is
issfk’, and, because (A), = (A)ss + (B)ss (for the simple case),

(B)ss = (A)o — (A)ss 4)

The steady-state concentration of the electrolysis product may in some cases be
estimated by direct measurement or by measurement of (A)ss and relationship (4).
For the slow reactions, concentrations can be measured by a sampling technique.
For faster reactions, in which the concentrations may change significantly during the
time required for sampling and measurement, it may be possible to make use of a
flow technique in which the test solution is circulated through a spectrophotometer
cell or another type of appropriate detector (NMR, ESR, etc.)

The steady-state concentration of other reactants, e.g., C, can be estimated from
the amount of C added to the cell, because its concentration is so chosen that it
cannot change significantly during the electrolysis.

DISCUSSION

“Steady-state” controlled-potential electrolysis should be applicable to the
investigation of the kinetics of any redox reaction which is part of a cycle involving
regeneration of the electroactive species by chemical reaction provided that (1) the
system meets certain electrochemical requirements, and (2) the rate constant does
not exceed a certain value.

The main electrochemical requirement is that only one species be electroactive at
the controlled potential. This species, of course, will be that which is regenerated
by the chemical reaction in the bulk of the solution. If this condition is not met,
species C, which reacts with the electrolysis product B, regenerating A, will also be
consumed at the electrode. The electrolysis current will continue to fall as both A
and C are consumed, and a steady-state situation will not be reached. When one
considers the standard potentials of the redox couples involved in a chemical reaction,
it is obvious that, if both couples are reversible, more than one species will be electro-
active at the controlled-potential, i.e., if C is capable of oxidising B (C 4 B —
A + D), the electrolysis product of A, the standard potential of the couple C + ne~ —
D must be more positive than that of A + ne~ — B, so that C will also be reduced at
the controlled potential where A is reduced. Thus, it can be seen that the couple
involving the species which regenerates the electroactive species must be irreversible.
This requirement is obviously a limitation of the number of reactions which can be
investigated by the controlled potential electrolysis method, but may be overcome to
some extent by masking techniques.

The smallest rate constant which can be investigated by this method is probably
limited by the experimenter’s ability to distinguish between background and steady-
state currents. The maximum rate constant which can be measured is limited by the
requirement that there be an initial decay of current before the steady-state is attained.
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This condition ensures that the chemical reaction is taking place homogeneously in the
bulk of the solution, not just in the region of the electrode surface, and that the
current is a measure of the rate of the chemical reaction. This condition may or may
not be attainable for a given reaction, depending on mass transfer conditions and
reactant concentrations. A large mass transfer coefficient, 4, is desirable when
studying fast reactions. With optimum cell geometry and good stirring, 4 values as
high as 0-1 sec™? can be attained.” Reactant concentrations should be such that
measurable values of i, and igs are obtained and if a colorimetric method is to be used
to measure steady-state concentration, high enough to give a measurable absorbance.
Concentrations should also be such that the steady-state concentration does not change
significantly, i.e., > 1Y%, during the steady-state measurement. A relationship for
the maximum rate constant which can be investigated for a given set of mass transfer
and reactant concentrations conditions is given below.
At steady-state for a second order reaction,

s d(B) d(A)
nFV  dt  dr

_ MA)
~(BXO)

Recalling the requirement that the current must decay before steady-state is reached
and that this decay be at least 1%, of the initial current,

(A)  099%A), _ A(100)
m_m— 102 and k = —_(C) .

A and C should be chosen so that the conditions outlined above (measurablecarrent
and concentration and no change in concentration during the steady-state: measure-
ment) are met. The maximum rate constant which can be investigated by :this
method is ~ 10° M1, sec™?, corresponding to a situation where A = 0-1.sec™?, cell
volume = 5ml, n=1, (A),=10°F, and C = 10¢ F. Under these .conditions,
assuming i, = 999 iy, iss Will be about 50 uA(nFVAC). Steady-state should be

MA) = k(B)(C)

or

. / 99
reached in about 1 sec (i = g 0.1t = F.B)’ and (C) should decrease less than 19
d(C 0
in 10sec(((i—t) X dt =105 % 10°¢ x 107 x 10 = 10-3).
The method has been shown to give rate constants with a precision of 4 39,.1°
More rigid control of such variables as cell temperature and reactant concentrations

should result in even better precision.

Acknowledgement—The financial support of the Laboratory for Research on the Structure of Matter
is gratefully acknowledged.

Zusammenfassung—Theorie, Instrumentierung, experimentelle Vari-
able und Anwendungsbereich der stationiren Elektrolyse bei
kontrolliertem Potential bei kinetischen Untersuchungen von Redox-
reaktionen wurden untersucht. Die Methode ist genau, gestattet die
Bestimmung von Geschwindigkeitskonstanten iiber viele GroBen-
ordnungen bis maximal etwa 10° mol—*. sec~ und kann sich besonders
niitzlich erweisen bei der Untersuchung von Systemen, in denen
einer der Reaktanten unbestindig ist und an einer Elektrode erzeugt
werden kann.
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Résumé—On a examiné I'emploi de I'électrolyse 4 potentiel contrdlé
et régime constant dans les recherches sur la cinétique des réactions
redox, aux points de vue théorie, instrumentation, variables expéri-
mentales, et types de systémes susceptibles d’étre étudiés. La méthode
est précise, permet I’évaluation des constantes de vitesse dans un trés
grand domaine d’ordres de grandeur, jusqu’a un maximum d’environ
10* mole~*. sec™?, et peut étre spécialement utile dans Iétude de
systémes dans lesquels I'un des réactifs est instable et peut &tre généré
a une électrode.
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Summary—Glyoxal and pyruvic acid can be transformed, through
known condensation reactions with ammonia or f-naphthylamine,
into compounds which contain a tertiary nitrogen. These condensation
products show the Ohkuma colour reaction when treated with a
mixture of acetic anhydnde and citric acid. Selective spot tests for
glyoxal and pyruvic acid have been developed on this basis. Lactic
acid can be detected after oxidative transformation into pyruvic acid.

OHKUMA! has described a sensitive test for tertiary amines (bases or salts) based on

the development of a red, violet or blue colour by heating with a mixture of acetic

anhydride and citric acid. The mechanism of this colour reaction is not yet known.

Experiments have shown that the colour test may be used to identify the occur-
rence of such reactions, leading to the formation of tertiary amines.?2 The participants
in the pertinent reactions may thus also be detected. This is illustrated by the tests
described here for glyoxal, pyruvic and lactic acid.

Glyoxal combines with ammonia to give the heterocyclic compound glyoxaline
(imidazole). The mechanism of the reaction is uncertain; it has been suggested? that
one molecule of glyoxal breaks down into formic acid and formaldehyde, and the
latter, together with ammonia, reacts with glyoxal. The underlying reactions therefore
would be:

CHO
| + H,0 ——» HCOOH + CH,0
CHO

NH, CH—N
CHO
|  + CH,0 ——>CH CH + 3H,0.
CHO %
NH, NH

Glyoxaline, being a tertiary amine, gives a positive response to the Ohkuma test.
The above transformations thus permit the detection of glyoxal in the absence of
tertiary amines (Procedure 1).

* Visiting Professor at the Hebrew University, Jerusalem, Israel.
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When pyruvic acid is present, a modification of the test is necessary, because this
acid, treated with ammonia, yields uvitonic acid,* which likewise contains a tertiary
pitrogen atom and therefore shows the Ohkuma colour reaction. As described
below, pyruvic acid can be detected by a specific test with S-naphthylamine (Pro-
cedure 2). When this test gives a positive response, and glyoxal is to be detected, use
may be made of the fact that in contrast to the ammonium salt of uvitonic acid, the
glyoxaline formed is soluble in ether (Procedure 3).

Pyruvic acid condenses with S-naphthylamine as follows:3

"""""""" | N
O:j/ E.éuo‘ai:i-_--_--i @5/ \CMCHS
............... . | + 2H,0 + HCOOH.
ZNH T HOL-c—cH)y AN
""" | |
COOH COOH

The «-methyl-f-naphthocinchonic acid formed contains a tertiary nitrogen atom,
thus showing the Ohkuma colour reaction. The above condensation seems to be
specific for pyruvic acid and permits its sensitive detection.

Lactic acid is easily oxidised to pyruvic acid:

CH;CHOHCOOH + [0] — CH,COCOOH + H,0.

It was found that this oxidation, carried out with lead dioxide and followed by the
pyruvic acid test, described above, can be applied for the detection of lactic acid
(Procedure 4) in the absence of pyruvic acid and/or tertiary amines.

Procedure 1: Detection of glyoxal

In;a micro test-tube 1 drop of the diluted test solution (not more concentrated than 5%) is
mixed. with 1 drop of conc. ammonia solution, then evaporated to dryness. To the residue a few
crystals of citric acid and 2 drops of acetic anhydride are added. The bottom of the tube is then
immersed in a water-bath heated to 80-85°. A positive response is indicated by the appearance of a
violet colour within 5-10 min. A blank test with the citric acid—acetic anhydride mixture is advisable.

Limit of identification: 1 ,u%eof glyoxal.

Under the conditions described here neither biacetyl nor other 1,2-dioxy compounds react.

Procedure 2: Detection of pyruvic acid

In a micro test-tube 1 drop of the test solution is mixed with I drop of a 2-5%; ethanolic solution
of f-naphthylamine. After 10-15 min the mixture is evaporated to dryness, and the residue is heated
for 5 min at 120°. The further treatment with acetic anhydride and citric acid is the same as in
Procedure 1.

Limit of identification: 0-2 ug of pyruvic acid.

Procedure 3: Detection of glyoxal in the presence of pyruvic acid

In a micro test-tube 1 drop of the test solution is mixed with I drop of conc. ammonia solution,
then evaporated to dryness. To the residue some drops of ether are added to extract the glyoxaline
formed. After shaking and allowing to stand for some min, the clear ether solution is transferred
to another micro test-tube and then evaporated. The further treatment with acetic anhydride and
citric acid is the same as in Procedure 1.

This method is not only recommended if glyoxal is to be detected in the presence of pyruvic acid,
but also when a coloured residue remains after treatment of the sample with ammonia, and subsequent
evaporation.

Limit of identification: 10 ug of glyoxal.
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Procedure 4: Detection of lactic acid

In a micro centrifuge-tube 1 drop of the test solution is mixed with 1 mg of lead dioxide and
heated on the water-bath for 15 min. After addition of 3 drops of water and centrifugation, the
clear liquid is transferred to a micro test-tube. The remainder of the procedure is the same as in
Procedure 2.

Limit of identification: 10 ug of lactic acid.

Acknowledgement—We are grateful to the Consetho Nacional de Pesquisas (Rio de Janeiro) and the
Department of Inorganic and Analytical Chemistry of the Hebrew University (Jerusalem) for
financial support.

Zusammenfassung—Glyoxal und Brenztraubensdure konnen durch
bekannte Kondensationsreaktionen mit Ammoniak oder S-Naphth-
ylamin in Verbindungen umgewandelt werden, die ein tertidres N-Atom
enthalten. Diese Kondensationsprodukte zeigen die Ohkuma-
Farbreaktion mit einer Mischung von Acetanhydrid und Zitronensiure.
Auf dieser Grundlage wurden selektive Tiipfelproben fiir Glyoxal und
Brenztraubensdure entwickelt. Milchsdure kann nach Oxydation zu
Brenztraubensiure nachgewiesen werden.

Résumé—On peut transformer le glyoxal et I'acide pyruvique en
composés qui renferment un atome d’azote tertiaire, au moyen des
réactions de condensation connues avec I'ammoniaque ou la f-
naphtylamine. Ces condensats donnent la réaction colorée d’Ohkuma
lorsqu’on les traite par un mélange d’anhydride acétique et d’acide
citrique. Sur cette base, on a mis au point des essais 4 la touche
sélectifs pour le glyoxal et I'acide pyruvique. On peut déceler I'acide
lactique aprés I'avoir transformé en acide pyruvique par oxydation.
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Summary—A cell for the coulometric analysis of flowing solutions at
controlled electrode potentials has been developed and tested. It is
shown that it is rapid enough to allow analysis of chromatographic
fractions with a half width of 1 min or more. The cell is generally
applicable because the counter electrode is separated from the working
electrode. Analysis of chromatographic fractions has been performed
with a standard deviation of less than 1%; for silver and less than 2%,
for copper.

THE instrumentation and experimental procedure for electrolysis by controlled
electrode potential have been refined in recent years.'* The analysis time is usually
10-15 min, but high speed electrolysis cells have also been designed.® Controlled
potential coulometry should be very useful in analysing column effluents and process
streams, provided that the cell response is rapid. This paper is concerned with the
development of a cell suitable for analysis of flowing solutions.

Coulson and Cavanagh* have described a coulometric titrator for the analysis of
chloride in conjunction with gas chromatography. A coulometric titrator for acidic
and basic components of a gas stream has been described by Burnett and Klaver.®
Eckfeldt® has described a cell for analysis of flowing solutions. He applied a measured
potential between a working gold electrode and a reference electrode. The hold-up
volume of the cell was only 1-5 ml and the response was very fast. The content of the
cell was electrolysed in about 1 min. The cell described by Eckfeldt is unsuitable for
large currents; he usually operated at less than 1 mA. The deviations from the
theoretical current were also rather large at high flow rates.

Polarographic analysis of column effluents and process streams has been investi-
gated by several authors™!! and cells with very small hold-up volumes have been
constructed.!?

There appears to be no reference in the literature to the application of controlled-
potential coulometry in analysing flowing solutions.

EXPERIMENTAL
Apparatus

Coulometer. The general principles, described by Kelley, Jones and Fisher,? were followed in the
construction of a controlled potential coulometer. However, transistor operational amplifiers (G. A.
Philbrick, type P 65A) were used instead of vacuum tube amplifiers. The transistor amplifiers are not
very sensitive to variations of the supply voltages so a simple zener stabilisation of the power supply
could be used. In this way the construction is greatly simplified and the apparatus is smaller and less
costly. The performance is comparable to that of the vacuum tube counterpart; 500 mA could be
delivered at 30 V and up to 1 A at lower output voltages.

The voltage developed over a standard resistor in series with the cell is a measure of the current
and thus of the concentration of electroactive species in the cell. The current was continuously

163



164 GILLIS JOHANSSON

monitored by a recorder. The number of coulombs consumed in the cell reaction was determined
by integration of the current, using an integrator made according to the description given by Booman?!
and by Kelley, Jones and Fisher.?

Cells

For a reaction limited by the rate of mass transfer to the electrode the electrolysis current decays?
according to

By = i Q)
P =/f(A1/V,m) (1))
10 CM.
== OUT
/|
REF. / AUX. MOTOR
f ‘
7
7 ouT
%
%
//
/]
INPUT
CELL 2 CELL 3

F1G. 1.—Sections showing Cell 2 and Cell 3:

....... dialysis tubing, platinum,
[[] sintered glass, perspex.

where iy is the current at time t, i, the initial current, V is the solution volume, A is the electrode area

and m is a mass transfer constant with units of cm. sec™*. A high value of the constant p indicates a

high speed of the electrolysis. Several cells have been constructed in order to get a cell with a large
value,

Cell 1. Platinum gauze was tightly packed in a Teflon tube into which the reference electrode
and the auxiliary electrode protruded. The area to volume ratio of this cell was very large. The size
of the mass transfer constant, m, was dependent on the flow rate, being mainly determined by diffusion
at low flow rates. At practical flow rates, about 1 ml/min, it was found that only 1-3 9{ of the eluted
fractions were electrolysed.

Cell 2. A platinised rotating cylinder constituted the working electrode. The auxiliary electrode
was separated from the flowing solution by a dialysis tube slightly larger than the rotating electrode.
A schematic drawing of the cell is shown in Fig. 1.

This cell was more efficient than Cell 1; at 1 ml/min, 469 of the electroactive species were
electrolysed in the cell. Both the rotating electrode and the dialysis tubing had low-friction surfaces.
The diameter of the rotating electrode was rather small, giving a low linear speed. These effects
combined to give a low mass transfer rate.

Cell 3. A rotating platinum disc was used in the next cell (Fig. 1). The auxiliary electrode was
separated from the flowing solution by a sintered glass disc. At I ml/min about 507 of the eluted
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fraction was electrolysed by this cell. The improvement is caused by the higher linear speed at the
disc periphery and by the turbulence caused by the rough surface of the sintered glass disc.

Cell 4. This cell was similar to Cell 3 except that the solid platinum surfaces were replaced by
several discs made from platinum gauze. This increased the efficiency to a practical value. A detailed
drawing of the cell is shown in Fig. 2 and a description is given below. The results presented in the
following are all obtained by this cell unless otherwise stated.

MOTOR

D
E

NITROGEN

L
7

O-RING ]

FIG. 2.—Section of Cell 4:

...... dialysis tubing,
nylon,
. : * i \{ d l 'y
3 sintered glass latinum gauze,
3 perspex P
perspexs glass.
77 Dbakelite,

The main body of the cell was made from solid Perspex (methacrylate), into which a nylon disc
was pressfitted. The auxiliary electrode forms the bottom of the cell. The auxiliary and working
electrodes are separated by a sintered glass disc glued into the perspex. All seals were made with glue
except the connection between the main bedy and whe mxilimey efectrode, which was sealed by an
O-ring. It would be of advantage to make the bottom from a more heat-resistant material than
perspex if agar-agar gel is settled by heating the cell.

The rotating electrode consisted of 3 or 4 platinum gauze discs (01 mm wires, 0:5 mm apart),
separated by 1-mm platinum rings and fastened to a bakelite axis connected to the motor axis. The
motor speed was 2600 rpm. Electrical connection to the rotating electrode was made by a mercury
contact at the top of the motor and the motor axis was connected to the platinum gauze by a platinum
wire inside the bakelite axis. A post electrolyser gauze was wound on the axis at a height corre-
sponding to the bottom of chamber C.

The rotation of the inner electrode causes a strong pressure towards the periphery of the cell.
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All gas bubbles are removed from the periphery and an empty space is formed in the centre. The
volume contained in a working cell, 19 ml, is, thus, somewhat smaller than the geometrical volume.
The reference electrodes must be able to withstand the pressure; commercial saturated calomel
electrodes with asbestos plugs in the tip have been found to be adequate.

The bottom of the electrolysis chamber, B, was made from a sintered glass disc of medium porosity.
A dialysis tube was cut open and glued to the back of the sintered glass disc. The auxiliary electrode

chamber was then filled with agar-agar gel or silicic acid gel up to near the auxiliary platmum elec-
trode. This arrangement prevented the flowing solution from being pressed into the auxiliary
electrode chamber. The gel, especially the narrow connection to the side tube, is responsible for
most of the IR-drop of the cell. The Tesistance of the cell is about 200400 Q. A small stream of
nitrogen can be introduced into the cell during reduction to displace the oxygen in the cell, but the
purging of the column effiuent must be arranged externally.

The liquid introduced into the cell through the input in the centre of the sintered glass disc is
mixed with the solution in chambef B, Excess liquid i is drained up into the drain chamber C. Any
splashings in this chamber are returned except that which goes along the axis. To prevent this liqu d
from passing into the motor a trap, D, is made which empties back to C through two holes, E. W|
a few ml of liquid have been collected in chamber C, it will drain through the outlet,

The cell was cleaned occasionally in nitric acid; 10-25 analyses could be made before cleaning
was necessary.

RESULTS

Rate of electrolysis

In order to get a measure of the efficiency of the cells the procedure given by Bard®
was followed. A solution of copper sulphate was placed in the cell and the coulometer
switched on. The reduction was performed at —500 mV versus S.C.E. in a medium of
sodml\a sulphate. The current-time curve was recorded. Log current was then
plotted versus time to yield an almost straight line. From the slope of this line the
value of p in equations (1) and (2) may be calculated. For Cell 3 the p-values ranged
between 0-014 sec~? and 0-026 sec™; Cell 4 gave p-values between 010 sec! and up to
0-18 sec™’. These values can be compared to that of about 0-1 sec.” found by Bard
for a cell using nitrogen and ultrasonic stirring. The cell described by Eckfeldt® had a

speed similar to that described by Bard.

Output concentration

The input stream will be mixed with the liquid in the cell in such a way that most of
the electrolysis will occur at the lowest platinum gauze disc. The other discs will then
be responsible for less and less of the total electrolysis. This behaviour may be
visualised if a fraction of copper sulphate is passed through the cell and the copper
plating on the bright platinum is inspected. The mixing between chamber B and
chamber C is rather low. A post-electrolyser gauze placed in the drain chamber C will
thus further reduce the output concentration of electroactive substance. Itisdifficuit to
measure the efficiency of this gauze because of the spread in p-values, but a slight
plating of copper indicates that some electrolysis will take place at the gauze.

In order to determine the concentration in the drain the flow rate is varied while
the amount of copper(ll) ion introduced into the cell per second is kept constant
(15 x 107" molefsec). The concentration of copper(ll) in the drain is measured
spectrophotometrically by the diethyldithiocarbamate method. The results show that
the percentage of unreduced copper(Il) is linearly dependent upon the flow rate. At
flow rates lower than 1 ml/min, less than 0-5%/ will pass the cell unreduced; at a rate
of 10 ml/min, 5%, will pass the cell unreduced.

The percentage recovery of chromatographic fractions containing about 120 umole
of silver nitrate was determined as a function of the flow rate. A linear relationship
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was found with 1009, recovery for zero flow rate and 949, recovery at a rate of
10 ml/min.

Both the silver and copper were reduced at —500 mV versus S.C.E. in a slightly acid
0-5M sodium sulphate medium.

Analysis of chromatographic fractions

Samples of copper(Il) sulphate and silver nitrate were put on a I5-cm long column
made from an inert material (fire brick of 35 mesh). In this way an elution curve of
correct form and short retention time was obtained. The results are shown in Table 1.

TABLE I.——REDUCTION OF A CHROMATOGRAPHIC FRACTION PASSING THE CELL
AT A FLOW RATE OF -8 ML/MIN.

Substance Found, umole Recovery, %; Mean value, %

Cutt 1531 102-:0
153-8 102-5

147-2 98-2 100-9
Cutt 75-1 100-1

74-9 99-9 100-0
Agt 150-3 100-2
1479 98-6
150-1 100-1
149-2 99-5

150-8 100-5 99-8

The reduction was performed at —500 mV versus S.C.E. in a medium 0-5M in sodium
sulphate and 0-2M in sulphuric acid. A recording of the current when two fractions
pass the cell is shown in Fig. 3.

mA 10'1
B-
6

41

_|

0 T T v T T
0 ] 30 45 60 75 min

Fic. 3.—Recordings of the current when two consecutive fractions, each containing
12 pmole of silver, are passed through the cell.

Stripping analysis

In order to investigate the possibility of analysing very dilute process streams,
amounts of copper(II) varying between 6 and 150 umole were diluted to 1000 ml. The
solution was passed through the cell at 9-5 ml/min. The reduction was performed at
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—600 mV versus S.C.E. in the same medium as above. Direct measurement of the
number of coulombs required for reduction is not feasible because the background
current is larger than the Faradaic current. Instead, the deposited copper was re-
oxidised at —10 mV versus S.C.E. The number of coulombs required for the re-
oxidation was measured and the results are shown in Table II. At this flow rate some
of the copper will pass the cell unreduced. A correction is taken from a graph of
percentage of copper passing through the cell unreduced as a function of the flow rate,
and added to the measured value. The accuracy is less than for the direct analysis of
more concentrated chromatographic peaks, but the results demonstrate that the cell
will operate satisfactorily down to very dilute concentrations.

TABLE I[.—~REOXIDATION OF COPPER DEPOSITED FROM 1000 Mi OF SOLUTION

Copper taken, Corrected
pumole pg/mil Recovery, %, recovery, %,
150 9-54 984 103-2
45 2-86 92-8 97-6
6 0-37 833 881

Background current

The magnitude of the background current depends on the acidity of the medium,
the amount of impurities in the electrolyte and on the reduction potential. The
background current was integrated for some time after each analysis. A correction
was computed and subtracted from the total integral. This correction, usually less
than 109, is one of the main sources of error in this type of analysis.

In some cases a bucking voltage was applied in series with the integrator input, and
it was adjusted so that the integrator input was zero just before the chromatographic
fraction arrived at the cell. This procedure eliminated the calculation of a correction.

Distortion of peaks

All cells which have limited response time will cause distortion of chromatographic
peaks. The magnitude of this distortion may be calculated in the following way.

A peak of the shape ®(t) is introduced into the cell volume w at a flow rate of
nml/sec. The substance in the cell is removed by electrolysis at a rate of y . p, where
y is the cell concentration, and p and t are defined by equations (1) and (2). If the
amount of substance lost through the drain is neglected, the change in cell concentration
is

dy

n
a?=¢’(t);—y~P 3)

This equation is similar to that derived by Vandenheuvel'® for the effect of post-
column dead space. Equation (3) was solved for @(t) equal to the normal distribution
function. The maximum of the function y, will occur later than the maximum of ®(t).
This delay or error in retention time was calculated as a percentage of the half band-
width, a, of the elution curve ®(t) and plotted versus the half width in Fig. 4. The
maximum height of the y-function is lower than the maximum of ®(t). The difference
is calculated as a percentage of the maximum height of ®(t) and also plotted versus
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a in Fig. 4. From the graph it is seen that the error in most cases can be neglected if a
is about 1 min, i.e., if the chromatographic peak is eluted in 2 min or longer time.

DISCUSSION
Bard?® found that the plots of log current versus time were non-linear near zero time,
indicating a more rapid electrolysis at the start. The cell used in the present investi-
gation yielded log current-time plots which were usually linear over the whole range.
On the other hand, the slope of lines from different runs were scattered over a wide
range. For a given substance the slope depends on the medium and the applied

%
15 +

0 i A L. 1 L
0 50 100 A sec

F1G. 4.—Relative increase in retention time and relative decrease in peak height plotted
versus the half peak width (a):

I Relative increase in retention time for p = 0-1.
II Relative decrease in peak height for p = 0-2.
ITIT Relative increase in retention time for p = 0-2.

potential. The speed of the electrolyses at different potentials is well pictured by the
polarographic wave. A high diffusion current corresponds to a high speed electrolysis.
Thus, it should be advantageous to operate at high potentials. A compromise must,
however, be found because high potentials will give rise to large background currents.

The accuracy which can be obtained by use of this coulometric cell compares
favourably with that of polarographic methods and also with the accuracy obtained by
Eckfeldt.® The flow sensitivity is rather low and there is no temperature dependence.
The accuracy is, however, much less than that obtained in ordinary coulometric
analysis. The main source of error is the correction for the background current. If alt
the substance had been in the cell at the start the analysis would have been completed
in about 1 min, but the chromatographic peak will last for much longer time, perhaps
10-15 min. This length of time will give rise to a background current correction which
may exceed 107 of the measured integral. The background current may be reduced
by purification of the solvent. Even pro analysi quality electrolytes contain sufficient
quantities of reducible substances to cause a significant increase in the background
current. The amount of oxidisable substances is usually smaller.

Errors may also arise because some substance is lost in the drain. Usually the flow
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rate is known approximately, and it is then possible to calculate a correction. There
may still be some uncertainty, of course, but this source of error is easier to control
than the error in the background correction.

The diaphragm cell described in this paper is generally applicable. In some cases
the counter electrode can be kept in the same solution as the working electrode, which
simplifies the construction because the bottom of the electrolysis chamber can be made
from the counter electrode material. The resistance of such a simplified cell will be
very low.

The supporting electrolyte can often be present in the column effluent. When this
is impossible, the electrolyte can be added via a T-junction at the cell inlet.

Acknowledgement—The author thanks Professor K. J. Karrman for his advice and interest. This
work was supported by grants from the Swedish Technical Research Council.

Zusammenfassung—Eine Zelle zur coulometrischen Analyse strémende
Losungen bei kontrollierten Elektrodenpotentialen wurde entwickelt
und gepriift. Es wird gezeigt, daB sie schnell genug arbeitet, um die
Analyse chromatographischer Fraktionen mit einer Halbwertsbreite
von einer Minute und dariber zu erméglichen. Die Zelle ist allgemein
anwendbar, da die Gegenelektrode riiumlich von der Arbeitselektrode
getrennt ist. Die Analyse von chromatographischen Fraktionen
wurde durchgefiihrt und ergab eine Standardabweichung von
weniger als 19 fiir Silber und weniger als 29 fiir Kupfer.

Résumé—On a élaboré et expérimenté une cellule pour Panalyse de
solutions en mouvement par coulométric & potentiel d’électrode
contr8lé. On montre qu’cle est suffisamment rapide pour permettre
I’analyse de fractions chromatographiques. La cellule est d'une
application générale car la contre-électrode est séparée de I'électrode
de travail. On a effectué I'analyse de fractions chromatographlques
avec un écart type inférieur 4 17, pour I'argent et & 27, pour le
cuivre.
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Zusammenfassung—Bei der Untersuchung von wasserhaltigen Alko-
holen [Methanol, Athanol, Propanol-(1), Propanol-(2), Butanol-(1)]
konnte festgestellt werden, dag durch trockene Cellulose Wasser aus
den Losungen aufgenommen wird. Beim wasserarmen Methanol
wird allerdings bevorzugt der Alkohol gebunden. Durch Adsorp-
tionsversuche iiber die Gasphase konnte gezeigt werden, dag je nach
Alkoholart und Wassergehalt verschiedene Mengen der beiden
Komponenten von der Cellulose adsorbiert werden. Zwischen dem
Molckulargewicht (bzw. der Dielektrizititskonstanten) und der von
der Cellulose adsorbierten Menge Alkohol bestehen enge Beziehungen.
Die Versuche bestiitigen, da8 am Aufbau der stationidren Phase alle
Komponenten des FlieBmittels beteiligt sind.

IN der 2. Mitteilung! war bei der Untersuchung des Verhaltens verschiedener Alkohole
gegeniiber Cellulosepulver mit unterschiedlichem Wassergehalt die Vermutung
geduBert worden, daB bei gegebenem Wassergehalt der Cellulose die Zusammensetzung
der fliissigen Phase entscheidet in welchem Umfang Wasser bzw. Alkohol von der
Cellulose gebunden wird.

Die folgenden Versuchsreihen sollten der weiteren Aufklirung dieses Vorganges
dienen.

EINFLUSS DES ALKOHOL-WASSER-VERHALTNISSES

Versuchsanordnung

Fiir die Versuche wurden die frither* beschriebenen Siulen verwendet. Das benutzte Cellulosepulver
(Whatman Standard Grade) war bei 110° getrocknet worden.
Den Wassergehalt der Losungen bestimmten wir wieder durch Titration mit Karl-Fischer-Ldsung.

Die untersuchten Alkohol-Wasser-Gemische sind in Tabelle I zusammengestelit.

In den Abbildungen 1-5 sind die Elutionskurven von einigen der untersuchten
Mischungen dargestellt. Die Diagramme selbst lassen allerdings untereinander nur
einen halbquantitativen Vergleich zu, da die Titer der verwendeten Karl-Fischer-
Ldsung etwas unterschiedlich waren.

Wie die Abbildung 1 zeigt, wird aus allen Mischungen mit einem Wassergehalt

* L. und 11. Mitteilung siche Literatur.
4 1m
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TABELLE I.—ZUSAMMENSETZUNG DER UNTERSUCHTEN ALKOHOL-WASSER-GEMISCHE

Nr. der Wassergehalt in 9
Kurve in —
der Abb.  Methanol Athanol Propanol-(1) Propanol-(2)  Butanol-(1)
1 0,73 0,65 1,02 0,94 1,16
2 3,09 1,13 3,03 3,04 2,87
3 4,35 2,78 5,27 3,65 5,84
4 5,54 3,88 7,79 6,29 7,76
5 8,78 5,52
6 11,88
1,31 7,06 12,02 10,77 4,28
10,46 11,70
Q 6 —
20} ——
pEp—————
€
o
S
:S 4
_|' Mﬂwﬂ, —)
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AsB. 1.—Anderung des Wassergehalts im Filtrat: System Methanol-Wasser.

von <5% (Kurven 1-3) von der trockenen Cellulose bevorzugt Methanol aufgenom-
men. Bei héherem Wassergehalt und bei allen anderen gepriiften Gemischen (Abb.
2-5) wird—in Ubereinstimmung mit der bisher iiblichen Vorstellung iiber den Aufbau
der stationdren Phase—in erster Linie Wasser von der Cellulose bis zu einem Gleich-
gewichtszustand gebunden.

Aus den erhaltenen MeBwerten 148t sich berechnen, wieviel Gramm Wasser von
den 35 g Cellulosepulver bis zur Einstellung des Gleichgewichts gebunden werden.
Die Ergebnisse sind in Abbildung 6 graphisch dargestelit.
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Das Diagramm ldBt eine praktisch lineare Abhidngigkeit zwischen dem Wasserge-
halt der verwendeten Alkohole und der von der trockenen Cellulose gébundenen
Wassermenge erkennen. Da man aber annechmen muB, daB die von der‘Cellulose
festgehaltene Fliissigkeitsmenge (= stationdre Phase) zumindest bei ein- untl:dem-
selben Alkohol etwa gleich ist, muB man wohlauchdiese MeBergebnisse als Bestitigung

Karl - Fischer —Ldsung,

Eluat, ml

AsB. 2.—Anderung des Wassergehalts im Filtrat System Athanol-Wasser.

fiir den komplexen Aufbau der stationéren Phase ansehen. Nach der unterschiedlichen
Steilheit zu schlieBen, nimmt dabei der Alkoholgehalt der stationdren Phase mit
steigendem Molekulargewicht der Alkohole ab.

Die Abbildung zeigt auch, daB das Methanol keine Sonderstellung einnimmt.
Wenigstens beim Athanol ist bei sehr geringem Wassergehalt noch eine bevorzugte
Aufnahme des Alkohols zu erwarten. Allerdings ist fiir den Beweis dieser Annahme
wegen der Hygroskopizitit der Cellulose ein ziemlich hoher experimenteller Aufwand
erforderlich, der sich in vorliegendem Zusammenhang nicht lohnt.

Wie das Bild noch erwarten 148t, miissen Alkohol-Wasser-Mischungen, die auf
einer Parallele zur Abszisse liegen an Cellulosepulver mit gleichem Wassergehalt auch
die gleiche Wassermenge abgeben.

Um diese Feststellung zu iiberpriifen, wurden Sédulen, die mit lufttrockener—
d.h. noch wasserhaltiger—Cellulose gefiillt waren, mit Mischungen von Athanol,
Propanol-(1), Propanol-(2) und Butanol-(1) behandelt. Der Wassergehalt der
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Gemische und die bis zur Einstellung des Gleichgewichts vom Cellulosepulver auf-
genommene Wassermenge sind in Tabelle II enthalten.

Wie die Ubersicht zeigt, liegen die gefundenen Werte so dicht beieinander, daB
man wohl auch diese Ergebnisse als Bestitigung der aufgestellten Arbeitshypothese
ansehen kann.

mi

Karl-Fischer-Ldsung,

Eluat, ml

ABB. 3.——Anderung des Wassergehalts im Filtrat: System Propanol-(1)-Wasser.

SORPTION VON ALKOHOL UND WASSER AUS DER GASPHASE

Es war nun interessant einmal zu priifen, wie sich Cellulosepulver verhilt, das nur
den Losungsmitteldimpfen ausgesetzt worden ist. Von den papierchromatogra-
phischen Trennungen her ist doch bekannt, daB mit FlieBmittelddmpfen gesittigtes
Papier oft andere (bessere) Trennergebnisse liefert als unbehandeltes.

Da cine exakte Analyse der Zusammensetzung des Dampfraumes nicht durchge-
filhrt worden ist, kénnen die zu beschreibenden Versuche natiirlich nur qualitativen
Charakter haben.

Die fiir die Versuche angewandten Alkohol-Wasser-Gemische hatten folgende
Zusammensetzung:

Methanol 0,949, H,O Propanol-(2) 1,75% H,O
Athanol 6,88 % H,0O Butanol-(1) 0,369 H,O
Propanol-(1) 0,95% H,O Butanol-(2) 1,17% H,0
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ml

ABB. 4,—Anderung des Wassergehalts
imFiltrat: System Propanol-(2)-Wasser.

Kar! - Fischer -~ Losung,

ml

ABB. 5—Anderung des Wassergehalts
i m Filtrat: System Butanol-(1)-Wasser.

Karl-Fischer~Ldsung,
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ABB. 6.—Abhiingigkeit der von der Cellulose gebundenen Wassermenge vom
Wassergehalt der Alkohole:
Kurve 1: Methanol,
Kurve 2: Athanol,
Kurve 3: Propanol-(1),
Kurve 4: Propanol-(2),
Kurve 5: Butanol-(1).

TABELLE II.-—WASSERABGABE VON ALKOHOL-WASSER-

TESTMISCHUNGEN
aufgenommenes

Alkohol H0, % H0,¢

Athanol 9,4 0,410

Propanol<(1) 42 0,440

Propanol-(2) 2,1 0,280

Butanol-(1) 1,4 0,310

Versuchsanordnung

Etwa 3-4 ml der Alkohole, sowie reines Wasser wurden in Wigegldser von 55 X 35 mm gegeben,
in denen je ein weiteres Wigeglas 40 x 30 mm stand, das etwa 1 g (genau gewogen) getrocknetes
Cellulosepulver enthielt. Das groSic Wageglas wurde sorgféltig verschlossen und bei 19°C +1 grd
aufbewahrt. Die Massezunahme je 1,00 g Cellulose nach 11 Tagen ist fiir die einzelnen Proben in
Tabelle IIT zusammengestellt.

Die Ubersicht zeigt, daB die Massezunahme im allgemeinen mit der Dielektri-
zititskonstanten der Substanzen féllt. Der schwankende Wassergehalt der Gemische
scheint dabei die MeBwerte nur in untergeordnetem MaBe zu beeinflussen.

Fiir die Beurteilung des chromatographischen Trennprozesses war aber aulerdem
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wichtig, in welchem Verhiiltnis Alkohol und Wasser von der Cellulose aufgenommen
worden waren,

Zu diesem Zwecke wurden weitere Proben von ca. 1 g Cellulosepulver (genau
gewogen) 96 Std. iiber den auf Seite 172 angegeben Alkohol-Wasser-Gemischen aufbe-
wahrt und wieder die Massezunahme bestimmt. Daraufhin wurden die Proben sofort

TABELLE ITI.—MASSEZUNAHME [IN g] VvON 1 g CELLULOSEPULVER AUS DEM
ALKOHOL-WASSER-DAMPFRAUM

Wasser Methanol Athanol Propanol-(1)  Propanol-(2) Butanol-(1) Butanol-(2)

0,2054 0,1317 0,1036 0,0849 0,0816 0,0496 0,0423

in 10 ml Methanol von bekanntem Wassergehalt iibertragen und mit Karl-Fischer-
Losung titriert. Die MeBergebnisse sind in Tabelle IV zusammengestelit.

Nach unserer Erfahrung ist der Sittigungszustand der Cellulose nach 96 Std.
nahezu erreicht, so daB die Werte der Tabellen III und IV ohne Bedenken miteinander
verglichen werden kdnnen. * Ausden Versuchenist zu erkennen, da8 die Massezunahme

TABELLE 1V.—ZUSAMMENSETZUNG DES AN DIE
CELLULOSE GEBUNDENEN ALKOHOL-WASSER-GEMISCHES

Massezunahme, H,0, Alkohol,

FlieSmittel £ g %
Wasser 0,1733 0,1732
0,1762 0,1759

Methanol 0,1227 0,0106 91,4

0,1155 0,0113 90,2

Athanol 0,1030 0,0296 71,3

0,0933 0,0252 73,0

Propanol-(1) 0,0687 0,0221 67,8

0,0682 0,0208 69,5

Propanol-(2) 0,0670 0,0278 58,5

0,0594 0,0287 51,7

Butanol-(1) 0,0310 0,0278 10,3

0,0311 0,0305 2,0

Butanol-(2) 0,0431 0,0331 23,2

0,0428 0,0349 18,4

der Cellulose nicht allein auf eine Erhhung des Wassergehalts zuriickgefiihrt werden
kann. Bei allen untersuchten Gemischen sind sowohl Wasser wie auch Alkohol von
der Cellulose adsorbiert worden. Dabei ist allerdings festzustellen, daB mit fallender
Dielektrizititskonstante der Alkohole im allgemeinen deren Aufnahme durch die
Cellulose erheblich zuriickgeht (Verhiltnis etwa 10:1), wihrend die Masse des gebun-
denen Wassers etwa im Verhiltnis 1:3 von Methanol bis zum Butanol ansteigt.
Wenn die bisherigen MeBergebnisse auch eine quantitative Auswertung noch nicht
gestatten, so sprechen sie doch ebenfalls fiir den Aufbau der stationdren Phase aus
allen Komponenten des FlieBmittels.

* Die erhaltenen MeBwerte werden von vielen Faktoren, wie Eigenschaften der Cellulose, Luft-
druck, Luftfeuchtigkeit, usw. beeinfluBt. Wir glauben, daB es fiir den vorliegenden Zusammenhang
nicht erforderlich ist dic Arbeitsbedingungen so auszudehnen, daB der Einflu8 dieser GréBen
ausgeschlossen wird.
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Summary—When water: alcohol mixtures (methanol, ethanol, propan-
1-ol, propan-2-ol, butan-1-ol) are passed through dry cellulose, water
is preferentially adsorbed except in the case of methanol low in water
content, where there is preferential adsorption of the alcohol. Gas-
phase experiments show that the relative amounts of the two com-
ponents adsorbed on the cellulose depend both on the nature of the
alcohol and on the alcohol: water ratio. A close relationship exists
between the molecular weight (or the dielectric constant) and the
amount of alcohol adsorbed. It has been confirmed that all the com-
ponents of a liquid mixture take part in constituting the stationary
phase.

Résumé—Lorsqu’on passe des mélanges eau-alcool (méthanol, éthanol,
propane-1-ol, propane-2-ol, butane-1-ol) sur de la cellulose séche,
Peau est adsorbée de fagon préférentielle, sauf dans le cas du méthanol
A faible tencur en eau, ol il y a adsorption préférentielle de I’alcool.
Les expériences en phase gazeuse montrent que les quantités relatives
des deux constituants adsorbés sur la cellulose dépendent 4 la fois de
la nature de I'alcool et du rapport alcool:eau. Il existe une relation
étroite entre le poids moléculaire (ou la constante diélectrique) de
Palcool et sa quantité adsorbée. On a confirmé que tous les con-
stituants d’'un mélange liquide participent 4 la constitution de la phase
stationnaire.

LITERATUR
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SHORT COMMUNICATIONS

Analysis of metal chelates—III: Simultaneous determination by a.c. polarograpby
of copper and nickel in copper-contaminated nickel dimethylglyoximate

(Received 11 June 1964. Accepted 11 October 1964)

THE reaction of nickel and dimethylglyoxime has been widely used for the gravimetric determination
of nickel since 1905. Dimethylglyoxime is a highly selective reagent for nickel and the conventional
vimetric procedure is generally satisfactory. However, some diverse ions, such as iron(IIl),
cobalt(II), copper(Il), coprecipitate with nickel dimethylglyoximate. The coprecipitated ions may be
determined spectrophotometrically after tedious treatment of the precipitate.®
The present investigation has been made to determine simultaneously the content of.nickel and
copper in copper-contaminated nickel dimethylglyoximate by a.c. polarography.

EXPERIMENTAL
Reagents

0-1M Solutions of nickel sulphate and copper sulphate. Prepared from the guaranteed grade
salts and standardised by titration against a standard solution of EDTA.

1%, Dimethylglyoxime solution. Prepared from guaranteed grade reagent by dissolution in
ethanol.

20%; Potassium sodium tartrate solution. Prepared from guaranteed grade reagent.

Other materials used were all guaranteed grade.

Apparatus

A Yanagimoto (Kyoto, Japan) a.c. polarograph, Model PA-102, was used for the determination
of nickel and copper. This instrument is based on the a.c. bridge polarograph.® All measurements
were made against the mercury pool.

Procedure

Simultaneous determination of nickel and copper. A slightly acidic solution, containing 1-30 mg
of nickel, 32-5 mg of copper, 5 ml of 202, potassium sodium tartrate solution and 2 g of ammonium
chloride in 200 ml of solution, was adjusted to pH 7-7-5 by the addition of dilute aqueous ammonia.
After heating the solution to 80°, 17, dimethylglyoxime solution (6 ml for each 10 mg of nickel)
was added with continuous stirring. The precipitate was filtered on a sintered glass filter, then washed
with hot water. It was dissolved in 10 ml of 6M hydrochloric acid and diluted with water to about
200 ml. This solution was evaporated to dryness on a hot-plate, 50 ml of water added and again
evaporated to dryness. The residue was dissolved in 2 ml of 6M hydrochloric acid and 4 ml of 20%;
potassium sodium tartrate solution added, followed by dilution to 50 ml in a volumetric flask. An
aliquot of the solution was transferred to a polarographic cell and hydrogen bubbled through for
10 min. The a.c. polarograms were taken in the voltage range of —0-1 to —0-4 V for copper and
—0-95 to —1-3 V for nickel at 25°. The calibration curve of nickel was obtained from the wave
height at the maximum of the polarogram.

Calibration curve for copper. 59-5 mg of nickel were precipitated as nickel dimethylglyoximate
and the precipitate treated as mentioned above, except that the residue from the evaporation was
dissolved in water to make 100 ml without using hydrochloric acid. To each 25 ml of this
solution 0-1-0-7 mg of copper, 2 ml of 6M hydrochloric acid and 4 ml of 20% potassium sodium
tartrate solution were added, followed by dilution with water to 50 ml in a volumetric flask. The
copper was determined by a.c. polarography as described above, and the calibration curve obtained
from the wave height at the maximum of the polarogram.

RESULTS AND DISCUSSION

In general, nickel does not give good a.c. polarographic waves because of the irreversibility of
nickel in most media.® It gives a well defined a.c. polarographic wave at a potential of about —1-4 V
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in a supporting electrolyte containing onlg' cyanide.®* Although nickel does not give a reversible
wave in the supporting electrolyte of hydrochloric acid and potassium sodium tartrate solution
used here, the a.c. polarographic wave height, obtained from the nickel solution containing a
relatively large amount of nickel, is linear with concentration. On the other hand, copper gives a
well defined a.c. polarographic wave. It was because of the small amount of copper to be determined
in the presence of a large amount of nickel, that the authors decided to use a.c. polarography. The
polarogram obtained is illustrated in Fig. 1. The maxima of the a.c. polarograms of copper and
nickel appeared at —0-25 V and 115 V, respectively.

37

Waoveheight ,

Potential, V

Fia. 1.—A.C. polarograms of copper and nickel.

Nickel was precipitated in the presence and absence of copper as described under Experimental,
but the calibration curve was the same in both cases. Nickel can be determined in the range 1-20 mg/
50 ml of solution (0-4-7-0 X 10-3M), and copper in the range 0-05-0-5 mg/50 ml of solution (0-2-2-0
x 107M).

The procedures developed were applied to the determination of copper coprecipitated with
various quantities of nickel dimethylglyoximate itself precipitated by the conventional method
(Table I).

TABLE I.—COPRECIPITATION OF COPPER WITH
VARIOUS QUANTITIES OF NICKEL DIMETHYL-

GLYOXIMATE
Ni Cu Cu
taken, taken, copptd.,
mg mg mg
596 32:5 0-034
893 32:5 0-19
11-91 32:5 0-11
14-89 32:5 016
17-87 325 0-20
23-82 325 0-20
26:79 32:5 023

29-78 325 0-24




Short communications 181

The present procedures are being used in a study of the coprecipitation of copper during the
precipitation of nickel dimethylglyoximate from homogeneous solution using biacetyl as the source
of dimethylglyoxime.?

Mukogawa Women’s University Iéincﬁylozu]"rxm AWA

Nishinomiya, Japan Kazuvostr TAKIYAMA®

Summary—A small amount of copper coprecipitates when nickel
dimethylglyoximate is precipitated in the presence of copper. The
simultaneous determination of this small amount of copper with the
large amount of nickel has been carried out by a.c. polarography.

Zusammenfassung—Bei der Fillung von Nickeldimethylglyoximat in
Gegenwart von Kupfer wird eine kieine Menge Kupfer mitgefillt.
Die gleichzeitige Bestimmung dieser kleinen Kupfermenge mit der
groBen Nickelmenge wurde mittels Wechselstrompolarographie
erreicht.

Résumé—Lorsqu’on précipite le diméthylglyoximate de nickel en
présence de cuivre, une petite quantité de celui<ci coprécipite. Le
dosage simultané de cette petite quantité de cuivre et de la quantité
importante de nickel a été réalisé par polarographie en courant
alternatif.
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5,5'-Thiodisalicylic acid as an analytical reagent
(Received 16 July 1964. Accepted 2 October 1964)

IN our search for new and sensitive absorptiometric procedures for the determination of small
amounts of rhodium and palladium, we have made a thorough study of some of the compounds
containing the active sulphydryl (—SH) group. We have been able to work out spectrophotometric
procedures for determining rhodium and palladium individually and simultaneously using 2-diethyl-
aminoethanethiol hydrochloride.’:*

During the course of these investigations it was observed that 5,5'-thiodisalicylic acid (TDSA)
forms coloured complexes in solution with rhodium(1Il), palladium(lI), iron(I1I), ruthenium(I1I) and
uranium(VI), and precipitates with a few other metals including the lanthanons. It seemed profitable
to carry out a detailed study of these complex-forming reactions, and to explore their possible ap-
plications in analysis. Some preliminary results of these studies are reported in this communication.

EXPERIMENTAL

Apparatus and reagents
The spectra of the solutions were obtained using a Beckman DK-1 recording spectrophotometer
and all other absorbance measurements were performed with a Beckman DU spectrophotometer.
Far ultraviolet silica cells of 10-mm path length were used.
H measurements were carried out with a Beckman Zeromatic pH meter equipped with micro
glass and calomel electrodes.
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Stock solutions of the metals were prepared from analytical-grade reagents, and were standardised
by well known methods.

3-06 g of reagent-grade 5,5’-thiodisalicylic acid (Eastman Organic Chemicals) were dissolved in
50 ml of an aqueous solution containing an exactly equivalent amount of sodium hydroxide, and
the contents were made up to 100 ml with a sodium acetate-hydrochloric acid buffer of pH 5-0.

TaBLE L.-—REACTIONS OF 5,5’-THIODISALICYLIC ACID WITH INORGANIC CATIONS

Colour Optimum
(at pH 5, unless  pH range
Ion Used as otherwise stated) (approx.) Remarks
Au(TIT) HAuCl, Slightly yellow 6:0-8-0 Deepens above pH 7
colour

UO(ID) UOy(NO,)y'6H;0 Orange-red colour 4-0-6-5 Extractable into tri-
butyl phosphate

In(III) InCl, White ppt. 4-5-60 —

Ce(I1I) Cey(S0O,)y4H,O0  White ppt. 5:0-7-0 Precipitation is quan-
titative

Ce(IV) Ce(HSO,), White ppt. 5-0-7-0 Precipitation is quan-
titative

Rare earths(Il)  Chlorides White ppt. 5:0-70 Precipitation is quan-
titative

Pb(I1) Pb(NO,), White ppt. 4-0-6:0 Precipitation is quan-
titative

Th(1V) ThCl, White ppt. 5-0-70 Precipitation is quan-
titative

ZrO(11) ZrOCl1,-8H,0 White ppt. 4:5-6'5 Precipitation is quan-
titative

Mo(VI) (NH,).Mo00, Yellow colour at 3-5-5-0 Not very sensitive

pH 4
Cu(II) CuSQ, SH,O Yellowish colour 5-0-70 Not very sensitive
above pH 5

Fe(IT) FeSO,7TH,O Purple colour 4-5-6'5 Colour  development
slow in cold, hastened
on heating — purple
lake in concd. solutions

Fe(I1I) FeCly'6H,0 Deep purple colour  4-5-6'5 Colour  development
slow in cold, hastened
on heating — purple
lake in concd. solutions

RudID RuCl, Purple colour 4:5-6-0 Colour development
hastened on heating

Rh(I1ID) RhCl, Orange-yellow 4-0-7-0 Maximum colour de-

colour velopment requires

30 min heating on a
steam bath

Pd(1II) PdCl, Orange-red colour 4-5-6-5 _—
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Procedure

For observing the colour reactions, a suitable aliquot of the metal ion was taken in a 25-ml
volumetric flask and 5 ml of the sodium acetate-hydrochloric acid buffer of pH 5-0 were added,
followed by 2 mi of the reagent solution. The mixtures were allowed to stand, and were warmed, if
necessary. The volume was finally raised to 25 ml with distilled water, and the spectra of the solutions
were recorded. Precipitate-forming reactions were observed in a similar way.

RESULTS

Reactions of 5,5 -thiodisalicylic acid with metal ions

The complex-forming reactions of 5,5"-thiodisalicylic acid with various metal ions are described
in Table 1. The acid itself is insoluble in water, but dissolves in ethanol. However, the sodium salt
is soluble in water and is very stable above pH 4.

070}
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FiG. 1.—Absorbance curves of TDSA and its rhodium(IlI), palladium(lI), iron(III)
and uranyl(Il) complexes:
A reagent alone, 2:8 mg/ml;

B 12:35 ppm of Rh(II);
C 4-26 ppm of Pd(1D);
D 8-98 ppm of Fe(IH);
E 92-4 ppm of UO,(11).

The reactions with Au(IIT), Cu(IT) and Mo(V1) are not very sensitive, though they can be used
at a macro level. In the case of gold(Il1), the colour deepens above pH 7, but the metal ion has a
tendency to hydrolyse above this pH. The colour reactions with rhodium(ill), palladium(1L), iron(I1I),
ruthenium(I1l) and uvranyl(I1) are fairly sensitive. Iron({ll) forms purple lakes in concentrated
solutions. Indium(lII), zirconyl(11), lead(11), thorium(1V), cerium and other rare earths form white
to slightly pinkish-white precipitates with the reagent. )

In the case of rhodium(I1l), iron(11I) and ruthenium(1ll), colour formation at room temperature
is slow, but if the solutions are heated on a steam bath for from 10 to 30 min, full colour development
occurs.
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Absorbance curves of complexes

Fig. 1 shows the absorbance curves of the reagent and its rhodium, palladium, iron and uranyl
complexes. The reagent has significant absorption below 360 my, but does not absorb appreciably
above 400 mu. The palladium complex shows a pronounced maximum at 452 mu. The rhodium
complex does not show any sharp peaks in the visible region, but there is a slight peak at 365 mu,
and measurements may be carried out fairly accurately at this wavelength against reagent blanks,
A slight shoulder appears around 465 mg. The uranyl complex shows absorption maxima at 365
and 455 myu, and measurements may be performed accurately at or around 380 mu. The iron com-
plex shows maximum absorption at 498 myu.

Molar absorptivities and sensitivity

Table 11 describes the absorption maxima, molar absorptivities and the sensitivities of the iron(IIl),
paliadium(II), rthodium(III) and uranyl(II) complexes. The sensitivity is expressed in ug/em® of the
metal ion that give an absorbance of 0-001 unit.

TABLE II.—-ABSORPTION MAXIMA AND MOLAR ABSORPTIVITIES OF METAL-THIODISALICYLATE
COMPLEXES

Concentration,  Amax Absorbance,  Molar absorptivity, Sensitivity,

Complex ppm muy Aoz €mac ugl cm®
Fe(II)-TDSA 8:98 498 0-460 2:86 x 103 0:0195
Pd(II)-TDSA 4:26 452 0-449 1-12 x 10¢ 0-0095
ROh{IN)-TDSA 12-35 363 0-592 493 x 108 0-0208
UOL(IN-TDSA 92-4 365 0-450 1-16 « 102 0-2056

455 0-172 44 x 10? 05368

Extraction studies

An attempt was made to examine the possibility of extracting the soluble complexes into organic
solvents. Only the uranyl complex seemed to extract quantitatively into tributyl phosphate; others
showed no tendency to extract. This would imply that the uranyl complex species is neutral and the
other complexes are ionic in nature. The solvents studied included chloroform, carbon tetrachloride,
benzene, toluene, cyclohexane, butanol, esc.

DISCUSSION
The reagent, 5,5'-thiodisalicylic acid:
HOOC COOH

HO | | OH
Sy
N/

)

as may be seen from its structure, offers favourable sites for complex formation with metal-ions, the
presence of sulphur enhancing the activity of the molecule as a whole. The colour formation with
metal jons and the precipitates formed are quantitative, and preliminary investigations show that
the reagent can be utilised for the absorptiometric and gravimetric determination of various metal
ions including the rare earths. Studies on the effects of certain variables on these systems and on the
characteristics of the complexes formed with respect to their composition and stability, as well as
further studies on the analytical applications of these complex forming reactions, are in progress.
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No. AT-(40-1)-2576 is gratefully acknowledged.
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Summary—The reactions of 5,5’-thiodiu1icylic acid with various metal
ions have been studied. The t produces coloured complexes
with Rh(I1I), Pd(Il), Fe(Ill), Ru(Ill) and UO,(I), and precipitates
with Pb(II), ZrO(Il), In(II), Th(IV), Ce(lll), Ce(IV) and the rare
earths under suitable conditions. The reagent shows promise as a
spectrophotometric as well as a gravimetric reagent for various metal

ions.
Zusammenfasswng—Dic Reaktion von 5,5 ‘!‘hwdmhcylslure mit
verschiedenen Metallionen wurde studiert. Des R ibt ‘unter

ieugneten farbige Komplexe mit +, , Fett,
u** und UO;* und Fiillungen mit Pb*+, ZrO', In*+, Th‘*', Cet+

Ce‘+unddenseltenenErden. Das Reagens erdffnet gute Aussichten
als spektralphotometrisches und als gravimetrisches Reagens flr

verschiedene Metallionen.
m:mumarms,& j 'ua
avec divers ions i Dans des conditions

réactif donne des colorés avec Rh(II), P&(II), Fe(Ill)
RudIl) et UOLID), et des précipités avec Pb@l), ZrO(II), In(ll),

ThAV), Ce(IIT), Ce(IV) et les terres rares. (hmpoaéutptometbur
en tant que réactif spectrophotométrique et gravimétrique pour
divers jons métalliques.
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Mechsnism of the oxidation of salphite by permanganate in the
preseace of iodine monochloride

(Received 8 September 1964. Accepted 30 October 1964)

DURING a kinetic study involving sulphite ion, none of the known methods for determination of
sulphite was found suitable. In an attempt to use for a direct titration, a number of
useful observations were made which have been ul in arriving at a mechanism of the reaction.

Formation of dithionate ion'-* has been the main reason for the low results during attempts to
determine sulphite or sulphurous acid with permanganate. This ion resists oxidation even by strong -
oxidising agents. However, good results have been found when the oxidation of sulphite is carried
out in an alkaline medium.*—? . o

The ibility of determining sulphite by te alone in an acidic medium has been
completelp;mmvest?gated but w1th§ut success. Ammpmﬁnum study indicated that
1. With increase in hydrogen ion concentration, more permanganate is consumed.

2. Prior heating of the sulphite solution does not improve the results.®

3. The results are no better in the presence ofmmganese(ll) iron(II), iron(IIT) orcqpper(ll) all
of which are known to catalyse many reactions and are said'® to help decomposition of the
sulphite.

4. At lower temperatures (ca. 10°) permanganate is consumed.

5. In view of there being a standard iodimetric method, it was thought that iodide, if added initially,
may be oxidised to iodine (by the permanganate) which may oxidise the sulphite, giving back
iodide. This catalytic activity of iodide was not observed.

Having failed to determine sulphite by permanganate alone, the well-known method in ‘m
theunofxodmemonocﬁondewum:ﬂoyedmdmﬁaaorymnummbbm
methods'®!* were obtained. However, has no advantage over that involving
iodate.1®
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Summary—The reactions of 5,5’-thiodiu1icylic acid with various metal
ions have been studied. The t produces coloured complexes
with Rh(I1I), Pd(Il), Fe(Ill), Ru(Ill) and UO,(I), and precipitates
with Pb(II), ZrO(Il), In(II), Th(IV), Ce(lll), Ce(IV) and the rare
earths under suitable conditions. The reagent shows promise as a
spectrophotometric as well as a gravimetric reagent for various metal

ions.
Zusammenfasswng—Dic Reaktion von 5,5 ‘!‘hwdmhcylslure mit
verschiedenen Metallionen wurde studiert. Des R ibt ‘unter

ieugneten farbige Komplexe mit +, , Fett,
u** und UO;* und Fiillungen mit Pb*+, ZrO', In*+, Th‘*', Cet+

Ce‘+unddenseltenenErden. Das Reagens erdffnet gute Aussichten
als spektralphotometrisches und als gravimetrisches Reagens flr

verschiedene Metallionen.
m:mumarms,& j 'ua
avec divers ions i Dans des conditions

réactif donne des colorés avec Rh(II), P&(II), Fe(Ill)
RudIl) et UOLID), et des précipités avec Pb@l), ZrO(II), In(ll),

ThAV), Ce(IIT), Ce(IV) et les terres rares. (hmpoaéutptometbur
en tant que réactif spectrophotométrique et gravimétrique pour
divers jons métalliques.
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Mechsnism of the oxidation of salphite by permanganate in the
preseace of iodine monochloride

(Received 8 September 1964. Accepted 30 October 1964)

DURING a kinetic study involving sulphite ion, none of the known methods for determination of
sulphite was found suitable. In an attempt to use for a direct titration, a number of
useful observations were made which have been ul in arriving at a mechanism of the reaction.

Formation of dithionate ion'-* has been the main reason for the low results during attempts to
determine sulphite or sulphurous acid with permanganate. This ion resists oxidation even by strong -
oxidising agents. However, good results have been found when the oxidation of sulphite is carried
out in an alkaline medium.*—? . o

The ibility of determining sulphite by te alone in an acidic medium has been
completelp;mmvest?gated but w1th§ut success. Ammpmﬁnum study indicated that
1. With increase in hydrogen ion concentration, more permanganate is consumed.

2. Prior heating of the sulphite solution does not improve the results.®

3. The results are no better in the presence ofmmganese(ll) iron(II), iron(IIT) orcqpper(ll) all
of which are known to catalyse many reactions and are said'® to help decomposition of the
sulphite.

4. At lower temperatures (ca. 10°) permanganate is consumed.

5. In view of there being a standard iodimetric method, it was thought that iodide, if added initially,
may be oxidised to iodine (by the permanganate) which may oxidise the sulphite, giving back
iodide. This catalytic activity of iodide was not observed.

Having failed to determine sulphite by permanganate alone, the well-known method in ‘m
theunofxodmemonocﬁondewum:ﬂoyedmdmﬁaaorymnummbbm
methods'®!* were obtained. However, has no advantage over that involving
iodate.1®



186 Short communications

EXPERIMENTAL
Reagents

All the chemicals used were ¢ither B.D.H. (analytical grade) or E. Merck (guaranteed reagent).
Sodium sulphite was of May and Baker quality. Sulphite solutions are very susceptible to air oxida-
tion,'* but one of the organic compounds, sucrose,!* ethanol** or glycerol,'*:** may be used to check
this tendency. In dilute solutions these do no react with the permanganate nor do they complicate
titrations using jodine monochloride.

Iodine monochloride was prepared in the usual way.’* It was standardised iodometrically and
approximately 0-1N solutions were;prepared by diluting it with 4M hydrochloric acid. Permanganate
solution was prepared and stored in the usual manner. The sulphite solution was standardised
iodometrically.'*

Procedure

To 25 ml of concentrated hydrochloric acid, 20 ml of water and 2 m! of iodine monochloride
(ca. 0-1N) in a conical flask, are added 10, 5 or 2 ml of sulphite solution (ca. 0-1N). The iodine
monochloride is instantaneously used up. Permanganate is run in from a 10-ml burette. In the
beginning the permanganate is decolourised, then the characteristic orange colour of iodine appears.
The addition of permanganate is continued until this colour is converted to a light yellow
which matches the colour of a eamz:nson solution consisting of concentrated hloric acid,
vater and iodine monochloride in the proportions mentioned above. Alternatively, carbon tetra-,
chloride may also be used.!* However, continued and vigorous shaking is essential in this procedure,
which is a disadvantage.

The amount of iodine monochloride initially to be added, depends on the concentrations of
:sulphite and hydrogen ions. There is no harm in adding more than a minimum quantity (Table I¥).
In such cases the reaction mixture may not be colourless after the addition of the monochloride;
«even then, however, permanganate is added until the original tight yeliow colour matching acomparison
solution is obtained.

TaBLE |
KMnO, Sulphite Sulphite
KMnO,, Nay(5,)0,, Sulphite, required, found stabilised
N ml £ ml £ % by
20 0-200 301 0-19556 97-78
10 0-100 15-05 0-09774 97-74 Sucrose
0-1031 5 0-050 7-52 0-04884 97-68 Q% by
2 0-020 301 0-01955 971-75 weight)
1 0-0100 1-50 0-009742 97-42
2 0-200 29-71 0-19492 97-46
10 0100 14-85 009745 97-45 Ethanol
0-1041 5 0-050 7-43 004876 97-52 (2% by
2 0020 297 0-01949 97-45 volume)
1 0010 1-49 0-009777 97-77
20 0-200 29-49 0-19556 97-78
10 0-100 1474 0-09775 97-74 Glyeerol
0-1052 5 0-050 7-38 0-0489%4 97-80 @%by
2 0020 294 001949 97-48 volume)
1 0-010 1-47 0-009748 97-48

Concentration of sulphite: 10 g/l.; iodometric assay of sulphite: 97-6477.

DISCUSSION

A few results for sulphite using the iodine monochloride procedure are given in Table I. Results
with sulphurous acid are similar and have not been included.

Todine monochloride has beeh considered as a catalyst in many oxidation
of iodine monochloride in the present method is slightly different, because a minimum quantity is
essential for a successful titration (Table III). Here it is not a catalyst but a pre-oxidiser.

51 The role
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TasLe IT
0-103IN Sulphite
01N IC], KMnO,, found®
mil ml ¥4 %
2 7-50 0-04871 97-42
4 751 0-04877 97-55
6 7-50 0-04871 97-42
8 7-52 0-04884 97-68
10 7-51 0-04877 97-55
12 7-50 0-04871 97-42

* Concentration of sulphite: 10 g/l, (stabilised by sucrose); volume
of sulphite used: 5ml; iodometric assay of suiphite: 97-64%,.

TasLE III
Final
t end-point 107 sulphite Appearance of end-point,  Difference of
with KMnO, alone, solution, O-INICL> orange colour, mi of columns 1 and 4
ml of KMnO mi mi mlof KMnO®* KMnO,* for minimum IC1

1-50 1-35 2-80
1-00 1-81 2-80
0-90 1-91 2-80

2:41 2 0-80 201 2-80 0-40
0-70 2:07 277
0-60 2-14 275
0-40 23 274
2-00 5-07 7-04
1-50 5-50 7-045
1-40 5-59 7-05

6-45 5 1-30 570 7.04
1-20 573 7-045 072
1-1 579 687
1-00 5-85 675
200 12:10 14-05
1-90 12-15 14-06

13-24 10 1-80 12-16 14-05 1 1-08
1-70 12-19 13-86
1-50 1225 13-76
1-40 12-32 13-63
* 0-1003N

b Minimum quantity of ICI underlined

Aqueous solutions of sulphite are known to possess a number of species of quadrivalent sulphur
amongst which bisulphite and pyrosulphite are important.*® There is spectroscopic evidence for the
following equilibria:

SO~ + H* = HSO-
2 HSO,*- = H,0 + S,0,*.

It is difficult to say which of these species are completely oxidised to sulphate and which gives
dithionate when titrated with permanganate alone. The following facts have to be considered for the
discussion of a mechanism of reaction:

(1) Iodine monochloride is not a catalyst.
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(2) With a minimum quantity or more of iodine monochloride-treated sulphite solutions, per-
manganate does not give dithionate ion.
(3) Iodine monochloride does not oxidise dithionic acid.

It appears that there is a particular species of quadrivalent sulphur which alone is oxidised to
dithionate by permanganate and this is removed by prior treatment of the sulphite solution with
iodine monochloride.

It has been found that permanganate-treated sulphite solutions to the apparent end-point
(appearance of colour due to iodine), do not reduce iodine, iodine monochloride or 10date, obviously
because dithionate ion is formed which is not oxidised further. On the other hand, all of them oxidise
sulphite quantitatively to sulphate and no dithionate is formed. It is clear that dithionate does not
exist with sulphite solutions and that it is formed only when sulphite solution is treated with per-
manganate in the absence of iodine monochloride.

Dilute solutions of sulphite, from cryoscopic evidence,?® have mostly bisulphite and a small
percentage of pyrosulphite ions. The structure of pyrosulphite ion has been differently reported

:0: :0: 10 :0:
H:0:S:S:0:H H:0:5:0:5:0:H
:0: LTI LTS
@ (ID)

In structure (I) the S—S and S—O bond distances are 2-18 and 1-46 A, respectively.?* Structure (I1)
involves S—S and S—O bond distances of 2209 and 1-499 A, respectively.”* The dithionate ion has
the following structure,?® the S—S and S—O distances being 2:16 and 1-45 A, respectively:

:6::5:
H:0:8:8:0:H
:0::0:

The oxidation of pyrosulphite (I) to dithionate can be easily understood on the basis of the similarity
of the structures. It has been said earlier that one of the species of quadrivalent sulphur is oxidised
to dithionate by the permanganate, but it is at the same time oxidised to sulphate by iodine mono-
chloride. This seems to be unlikely in view of iodine monochloride being a less powerful oxidant than
the permanganate.

Therefore, it appears that a small percentage of pyrosulphite exists in the two forms [structures
(I) and (II)] in an equilibrium which is rapid and that iodine monochloride can oxidise only the
second form, whereas permanganate can oxidise both or rather the first form selectively because
dithionate ion is produced. This equilibrium, as other equilibria in sulphite solutions, must depend on
the concentrations of sulphite and hydrogen ions. A similar situation of structures has also been
reported for?” hyposulphurous acid.

Satisfactory results would be obtained only when all the pyrosulphite, through conversion to
form (II), is oxidised by iodine monochloride to sulphate before any permanganate is added. The
necessity of a minimum quantity of iodine monochloride in the suggested method points to the
requirement of complete oxidation of pyrosulphite. It may be seen from Table III that this minimum
quantity is not in proportion to different volumes of sulphite solutions titrated, because the amount
of pyrosulphite formed depends on the concentrations of sulphite and hydrogen ions. It is for this
reason that this minimum quantity is slightly more even for the same concentrations of sulphite and
hydrogen ions, if the order of mixing iodine monochloride and sulphite is reversed. If a slight excess
of the former is used, any order of mixing gives satisfactory resuits.

In the present method, first iodine monochloride oxidises pyrosulphite and if present in excess
other quadrivalent sulphur species are also oxXidised. Iodine monochloride is thus reduced to iodide.
Permanganate run from the burette now oxidises the remaining quadrivalent sulphur species to the
sexavalent state. The completion of this stage is marked by the appearance of the yellow or orange
colour of iodine. Further additions of permanganate liberate more iodine. When iodide is completely
oxidised to iodine, further oxidation to iodine monochloride starts. This stage and the end-point
of the titration are marked by the complete conversion of iodine to iodine monochloride. The
end-point is fairly sharp.

The volumes of permanganate consumed at the first end-point and the true end-point are shown
in Table I1I; the end-point with permanganate alone (without using iodine monochloride) is shown in
column 1. It may be seen that the sum of columns 3 and 4 is always approximately equal to column
5, which proves what has been said above. Further, the difference of columns 1 and 4 for the minimum
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quantity (underlined) of iodine monochloride, is found to be approximately one half the minimum
quantity of the latter. This further lends evidence to the formation of dithionate from pyrosulphate.
If one considers sulphite solutions consisting of pyrosulphite and sulphite (including all quadrivalent
species of sulphur except pyrosulphite) and their separate permanganate equivalents on oxidation
to sulphate to be x and y, column 1 will give (x/2 + y) ml of permanganate because pyrosulphite
is oxidised only to the quinquevalent state. Column 4 gives y values because all pyrosulphite has been
oxidised by prior addition of iodine monochloride. The difference of columns 1 and 4 is x/2, which is
approximately half of column 3 (true, of course, only for minimum quantity of iodine monochloride).
The figures given in column 3 of Table III are a rough guide to the above line of reasoning because
iodine monochloride may also oxidise other species in addition to pyrosulphite.

Todine, on the basis of the iodometric determination of sulphite, may be expected to be able to
oxidise pyrosulphite ion and, therefore, an attempt was made to use it as a catalyst or a pre-oxidiser
in place of iodine monochloride. It does react, but the results are always low. It apppears that
iodine reacts first with sulphite and then with pyrosulphite or rather the fraction of the latter oxidised
is small. Hence, some pyrosulphite remains and these solutions on further oxidation with per-
manganate will give lower results.

Though a method using permanganate has been worked out, it is not an independent method.
Hendrixson® very truly observed that any attempt to determine sulphite by permanganate in a direct
titration would prove futile. A truly permanganate method would be one in which permanganate
itself oxidises all quadrivalent sulphur species to the sexavalent state.

Acknowledgement—One of us (H. G. S. S.) is thankful to the C.S.L.R., India, for an award of a Junior
Research Fellowship and a grant. We also thank Professor R. C. Mehrotra for his encouragement
and interest.
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Summary—A mechanism for the oxidation of sulphite or sulphurous
acid by permanganate in the presence of iodine monochloride has
been suggested. The mechanism requires a minimum quantity of
todine monochloride as a pre-oxidiser. Complete oxidation of
sulphite to sulphate by permanganate alone is not possible under
any conditions.

Zusammenfassung—Ein Mechanismus fiir die Oxydation von Sulfit
oder schwefliger Sdure durch Permanganat in Gegenwart von Jod-
monochlorid wurde vorgeschlagen. Der Mechanismus erfordert eine
Mindestmenge Jodmonochlorid zur Voroxydation. Die véllige
Oxydation von Sulfit durch Permanganat allein ist unter keinen
Bedingungen méglich.

Résumé—On suggére un mécanisme pour I'oxydation des sulfites ou
de I'acide sulfureux au moyen de permanganate en présence de mono-
chlorure d’iode. Le mécanisme nécessite une quantité minimale de
monochlorure d’iode, en tant que pré-oxydant. Quelles que soient les
conditions, I'oxydation compléte du sulfite par le permanganate seul
n’est pas possible.
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LETTERS TO THE EDITOR

Tetraethylenepentamine-N,N,N’,N",N”,N"””,N”-hepta-acetic acid
as a titrimetric reagent

SIR,
OF the polyaminopolycarboxylic acids containing more than four carboxymethyl groups, only
diethylenetriamine-N,N,N’,N”,N"-penta-acetic acid (DTPA) has been thoroughly studied® and
proposed for some complexometric titrations.®~* More recently, it has been found that triethylene-
tetramine-N,N,N’,N”,N*,N “-hexa-acetic acid (TTHA) shows a different behaviour in comparison
with EDTA or DCTA as regards complex formation. With most bivalent cations this acid forms
2:1 complexes (with the exception of manganese), but it forms normal 1:1 complexes with tervalent
and quadrivalent metals (with the exception of gallium).® Also, some interesting displacement
reactions between EDTA and TTHA complexes have been discovered. These effects have been utilised
for complexometric determinations where EDTA or DCTA are inapplicable, e.g., for the determina-
tion of mixtures of thorium and lanthanum,* mixtures of thorium and scandium,® mixtures of gallium
and indium,” etc.

It seemed of interest to us to study from the analytical point of view a new polyaminocarboxylic
acid containing five nitrogen atoms, tetraethylenepentamine-N,N,N’,N",N”,N* N ~-hepta-acetic
acid (TPHA):

HOOCCH, CH,COOH
s
N—CH,—CH;—N—CH;—CH;—N—CHy—CH;—N—CH,—CH,—N

AN
HOOCCH, CH,COOH
CH,COOH CH;COOH CH,;COOH

synthesised recently in the laboratories of Geigy Chemical Company (Basel, Switzerland) from
tetraethylenepentamine and iminodiacetic acid (99-5%; purity). It was expected that polynuclear
complexes would be formed under various conditions.

TABLE I

Metal Back-titrant pH Indicator®  Complex Comments

Al Pb 5-5'5 X0 2:1 Good end-point; complex

formed in cold even in presence
of 10 g of KNO,

Th direct 34 X0 2:1 Very good end-point; reversible
Pb direct 5-5-5 X0 2:1 Very good end-point

Zn direct 5-55 X0 2:1 Good end-point

Cd direct 5-5'5 X0 2:1 Adequate end-point

Ni Pb 5-5'§ X0 2:1 Good end-point

Bi direct 1-2 X0 Formation of  Unfit for use

1:1and 2:1
Th 34 X0 complexes
uncertain

La? direct 5-5-6 MTB 1:1? Very bad end-point

Cr Pb 5-6 X0 2:1 Adequate end-point

Ca direct NH,OH MTB 2:1 Adequate end-point; back-

1:2 titration with Ca not good

Mg direct 10 MTB 2:1 Very poor

Mn direct NH,OH MTB 2:1 Adequate end-point

1:2

* XO = Xylenol Orange, MTB = Methylthymol Blue.
P Sc, Ce, Nd and Pr behave similarly to La; it is also impossible to titrate Fe.

191
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Only sufficient sample was available for some exploratory titrations. The acid is soluble in water
with a slight cloudiness and has a slight undefined odour. The pH of a 0-05M solution is about 3.
We prepared a 0-05M solution of the sodium salt by neutralisation with sodium hydroxide to pH 6.
All titrations were performed with the usual metallochromic indicators in different media as pre-
viously described for TTHA.® Our results are summarised in Table L.

The results of the exploratory experiments show that, with a few exceptions, TPHA is not a
suitable titrant under normal experimental conditions (in aqueous solutions). Because of the small
quantity of sample available, it was not possible to study the compound as a masking agent in gravim-
etry, colorimetry, polarography, etc.

The authors thank Dr. K. Krebser (Geigy Chemical Company, Basel, Switzerland) for his interest
and for providing the sample of tetraethylenepentaminehepta-acetic acid.

RUDOLF PRIBIL

Analytical Laboratory VLADIMIR VESELY
Polarographic Institute of J. Heyrovsky
Czechoslovak Academy of Sciences
Prague 1, Jilskd 16
Czechoslovakia,
16, September 1964

REFERENCES

t E. Wipninen, Acta Acad. Aboensis, Math. Phys., 1960, 21, 1.

t.Jdem, Suomen Kem., 1955, B28, 146.

2 Idem, ibid., 1956, B29, 184.

* R, Ptibil and V. Vesely, Talanta, 1963, 10, 899; Chemist Analyst, 1964, 53, 12.
8 Idem, Talanta, 1962, 9, 939.

¢ Idem, ibid., 1964, 11, 1545.

? Idem, ibid., 1964, 11, 1319.

Interlingua
SENIOR,

Io rende gratias a vos pro le permission de publicar un littera in interlingua. Io spera que vos e
le tote lectores de Talanta pote leger lo sin difficultate.

Pro illustrar le simplicitate de iste lingua artificial, vamos comparar le conjugation del tempore
presente del verbo fo be in anglese e in interlingua:

Iam io esse
you are tu esse
he is ille esse
we are nos esse
you are vos esse
they are illes esse

Si le comparation esseva inter interlingua e germano, espaniol, italiano, or francese, le avantage de
interlingua esserea etiam major. De plus, le tote verbos de interlingua forma le altere tempores per
un methodo perfectemente regular. Per exemplo:

Infinitive to speak, parlar scriber audir
write, hear

Present 1 speak, etc. io parla io scribe io audi

Past I spoke, etc. io parlava io scribeva io audiva

Future I shall speak, io parlara io scribera io audira
elc.

Conditional I would io parlarea io scriberea io audirea
speak, etc.

Le nomines ¢ le adjectivos esse equalmente simple.

Io-cree que le majoria del chemistas pote ja leger interlingua. Post alicun horas de studiar,
poterean alsi scriber lo. Le problemas del communication inter le chemistas del varie nationes esserea
multo simplificate si le chemistas scriberea lor articulos e lor libros in interlingua. On pote emer
dictionarios e grammaticas a Storm Publishers, 80 E. 11th St., New York, N.Y., U.S.A.

To suggere que Talanta como jornal international promove le uso del interlingua per acceptar
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presente del verbo fo be in anglese e in interlingua:

Iam io esse
you are tu esse
he is ille esse
we are nos esse
you are vos esse
they are illes esse

Si le comparation esseva inter interlingua e germano, espaniol, italiano, or francese, le avantage de
interlingua esserea etiam major. De plus, le tote verbos de interlingua forma le altere tempores per
un methodo perfectemente regular. Per exemplo:

Infinitive to speak, parlar scriber audir
write, hear

Present 1 speak, etc. io parla io scribe io audi

Past I spoke, etc. io parlava io scribeva io audiva

Future I shall speak, io parlara io scribera io audira
elc.

Conditional I would io parlarea io scriberea io audirea
speak, etc.

Le nomines ¢ le adjectivos esse equalmente simple.

Io-cree que le majoria del chemistas pote ja leger interlingua. Post alicun horas de studiar,
poterean alsi scriber lo. Le problemas del communication inter le chemistas del varie nationes esserea
multo simplificate si le chemistas scriberea lor articulos e lor libros in interlingua. On pote emer
dictionarios e grammaticas a Storm Publishers, 80 E. 11th St., New York, N.Y., U.S.A.

To suggere que Talanta como jornal international promove le uso del interlingua per acceptar
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articulos scribite in iste lingua. De plus, io promitte de scriber mi proxime articulo in interlingua
si vos lo publicara.
Sincermente,
School of Chemistry WM. Rieman IIX
Ralph G. Wright Laboratory
Rutgers, The State University
New Brunswick, New Jersey 08903, U.S.A4.
12 November 1964

SIR,

For the benefit of your readers, I should perhaps explain that while I was still Editor-in-Chief of
Talanta, 1 issued an invitation to Dr. Rieman to submit a letter in Interlingua, in consequence of his
earlier letter (Talanta, 1964, 11, 1092).

Dr. Rieman wrote the letter here published, and sent with it a translation. However, because
I myself found little difficulty in understanding his letter, and feel, like him, that the readers of
Talanta will follow it easily, I did not arrange for publication of the translation.

I would still be interested to know the extent to which an artificial language could cope with the
highly specialised requirements of a scientific vocabulary. For instance (I quote from a recent paper
in Talanta)**. . . a new analytical tool is introduced for the analysis of fluorescent molecules—quencho-
fluorescence 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(a)pyrene, perylene, efc., have
been found to be non-fluorescent in nitromethane solution, but hydrocarbons contaiing the fluo-
ranthenic ring are fluorescent.”

Because the decision about future communications in Interlingua now rests with iyou, I look
forward with some interest to your reaction.

Department of Inorganic and Analytical Chemistry CeciL L. WILsSON
The Queen’s University

Belfast, Northern Ireland.

22 November 1964



Letters to the Editor 193

articulos scribite in iste lingua. De plus, io promitte de scriber mi proxime articulo in interlingua
si vos lo publicara.
Sincermente,
School of Chemistry WM. Rieman IIX
Ralph G. Wright Laboratory
Rutgers, The State University
New Brunswick, New Jersey 08903, U.S.A4.
12 November 1964

SIR,

For the benefit of your readers, I should perhaps explain that while I was still Editor-in-Chief of
Talanta, 1 issued an invitation to Dr. Rieman to submit a letter in Interlingua, in consequence of his
earlier letter (Talanta, 1964, 11, 1092).

Dr. Rieman wrote the letter here published, and sent with it a translation. However, because
I myself found little difficulty in understanding his letter, and feel, like him, that the readers of
Talanta will follow it easily, I did not arrange for publication of the translation.

I would still be interested to know the extent to which an artificial language could cope with the
highly specialised requirements of a scientific vocabulary. For instance (I quote from a recent paper
in Talanta)**. . . a new analytical tool is introduced for the analysis of fluorescent molecules—quencho-
fluorescence 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(a)pyrene, perylene, efc., have
been found to be non-fluorescent in nitromethane solution, but hydrocarbons contaiing the fluo-
ranthenic ring are fluorescent.”

Because the decision about future communications in Interlingua now rests with iyou, I look
forward with some interest to your reaction.

Department of Inorganic and Analytical Chemistry CeciL L. WILsSON
The Queen’s University

Belfast, Northern Ireland.

22 November 1964



Talanta, 1965, Vol. 12, pp. 195 10 210. Pergamon Press Lid.

DERIVATIVES OF 2-(2-THIAZOLYLAZO)PHENOL AS
ANALYTICAL REAGENTS—VII*

SPECTROPHOTOMETRIC DETERMINATION OF ZINC WITH
1-(2-THIAZOLYLAZO)-2-NAPHTHOL

AKIRA KAWASE
Metal Chemistry Division, National Research Institute for Metals, 300, 2-Chome
Nakameguro, Meguroku, Tokyo, Japan

(Received 5 March 1964. Accepted 12 October 1964)

Summary—The spectrophotometric determination of trace amounts of
zinc using derivatives of 2-(2-thiazolylazo)phenol has been studied.
With zinc these compounds form blue or red-violet chelates, which are
mostly extractable with chloroform to give solutions exhibiting an
absorption maximum near 600 mu. 1-(2-Thiazolylazo)-2-naphthol
(NT) is recommended for the determination of zinc down to 0-1 ug
Sandell’s expression of the sensitivity is 0-0013 ug of zinc/cm®. The
interference of 29 cations and 11 anions has been examined in the
presence and absence of ammonium citrate and demethylglyoxime.
Mercury(11), manganese(1I), cadmium(Il), uranium(V1), EDTA, cyan-
ide and pyrophosphate interfere, but mercury(il) and manganese(1I)
can be masked by the addition of thiosulphate and periodate,
respectively. NT has been applied to the determination of zinc in
thorium oxide and magnesium.

INTRODUCTION
1-(2-PYRIDYLAZ0)-2-NAPHTHOL, synthesised by Chichibabin' and applied to the spec-
trophotometric determination of metals by Cheng and Bray,? possesses useful
analytical properties. By replacement of the pyridine ring in 1-(2-pyridylazo)-
2-naphthol with a thiazole ring it should also be possible to obtain a chelating
property.

Because 2-aminothiazole is easier to diazotise and to couple with phenol than is
2-aminopyridine, the preparation of 2-(2-thiazolylazo)phenol is very easy and it is
obtained in good yield and in excellent purity. 2-(2-Thiazolylazo)phenol behaves as
a weaker and more selective chelating agent than 2-(2-pyridylazo)phenol,” because
thiazole is a weaker base than pyridine.

The author has already reported on the preparation of 2-(2-hydroxy-5-methoxy-
phenylazo)-4-methylthiazole (MMT)3* and some derivatives of 2-(2-thiazolylazo)-
phenol®® and their analytical applications to the determination of copper,®-5

() D
— N—N—
NZ —N=N— [p) \ /
s
HO HO
1-(2-pyridylazo)-2-naphthol 1-(2-thiazolylazo)-2-naphthol
(PAN) (NT)

* Part VI: see reference 7.
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4-(2-thiazolylazo)-1-naphthol NT-metal chelate

(Me=Cu?+Ni#+,Cot+,Zn*)

nickel4*-3"-¢ and cobalt; 4550 MMT has also been applied to the determination of
zinc®® and iron.®® The stability constants of the metal chelates of the 2-(2-thia-
zolylazo)phenol compounds have been evaluated’ and the infrared absorption spectra
of the 2-(2-thiazolylazo)phenol compounds and their metal chelates recorded.?

In the present paper, the spectrophotometric determination of trace amounts of
zinc with eleven derivatives of 2-(2-thiazoiylazo)phenol (Table I) is reported. Of
these derivatives, 1-(2-thiazolylazo)-2-naphthol (NT) is recommended for the deter-
mination of zinc.

As expected from its higher pK, value, NT is a stronger chelating agent than MMT.
Furthermore, NT forms more extractable chelates than MMT because of its higher
molecular weight and having no polar group in the molecule.

4-(2-Thiazolylazo)-1-naphthol has also been prepared¢ and applied to the deter-
mination of palladium.}® The donor atoms of this reagent are one of the nitrogens
of the azo group and the nitrogen of the thiazole ring, so that a different reactivity
towards metal ions than that of NT would be expected. Thus, in practice, zinc
forms a weak chelate with this reagent.

EXPERIMENTAL
Reagents .

Standard zinc solution. 0-6538 g of high purity zinc was dissolved in nitric acid (1 + 1), 10 ml of
perchloric acid added and the solution evaporated until fumes of perchloric acid appeared. After
cooling, the solution was diluted to 1 litre with water. The concentration of the resulting solution
was 10-2M. Less concentrated solutions were prepared by appropriate dilution of this stock solution.

10-*M Reagent solutions. The 2-(2-thiazolylazo)phenolic compounds®-®*® were dissolved in
methyl alcohol (MT, HMT, RT, HCT and DMT), water(SNT) or dioxan(NT, MNT, BNT, PNT and
HNT).

Buffer solution. 34 g of sodium acetate trihydrate and 12 g of borax were dissolved in 1 litre
of water, and the pH of the solution adjusted to a desired value with dilute hydrochloric acid.

Chloraform. *‘Guaranteed grade” reagent was redistilled.

Other reagents were of ‘‘guaranteed grade™ quality.

Apparatus .

pH Measurements were made with a Horiba glass electrode pH meter Model M3. The measure-
ments of absorption ssxectra and absorbance were made with a Cary Model 14 spectrophotometer
using 1-cm matched silica cells.

RESULTS AND DISCUSSION

Selection of solvent for extraction

Under optimum conditions, the orange 2-(2-thiazolylazo)phenolic compounds
gave the following colour changes with zinc ion: to intense reddish-violet (reagents
1-5 and 11), red (reagent 8) and blue (reagents 6, 7, 9 and 10).
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TABLE IL.—IDERIVATIVES-OF 2-(2-THIAZOLYLAZO)PHENOL STUDIED

Reagent no.  Abbreviation Chemical name
1 NT 1-(2-thiazolylazo)-2-naphthol
2 MNT 1-(4-methyl-2-thiazolylazo)-2-naphthol
3 BNT 1-(2-benzothiazolylazo)-2-naphthol
4 PNT 1-(4-phenyl-2-thiazolylazo)-2-naphthol
5 HNT 1-(4,5,6,7-tetrahydrobenzo-2-thiazolylazo)-2-naphthol
6 MT 2-(2-thiazolylazo)-4-methoxyphenol
7 HMT 2-(4,5,6,7-tetrahydrobenzo-2-thiazolylazo)-4-methoxyphenol
8 RT 4-(2-thiazolylazo)resorcinol
9 HCT 2-(4,5,6,7-tetrahydrobenzo-2-thiazolylazo)-4-methylphenol
10 DMT 2+(2-thiazolylazo)-4,6-dimethylphenol
1 SNT 1-(2-thiazolylazo)-2-naphthol-3,6-disulphonic acid

With the exception of RT and SNT, the zinc chelates were only slightly soluble
in water. To test their solubility in organic solvents, a mixture of each reagent and
zinc ion was shaken with benzene, chloroform, carbon tetrachloride, isoamyl alcohol
or methyl isobutyl ketone (MIBK). In general, chloroform, isoamyl aicohol and
MIBK. were excellent extractants for all of the zinc chelates, whereas benzene and
carbon tetrachloride were not. The zinc chelates of reagents 1-5 and 11 were almost
insoluble in water and only slightly soluble in organic solvents, especially the chelates
of BNT and HNT, but could be very efficiently extracted with chloroform. When
the chelates of HCT and DMT were extracted with chloroform the extracts were
green, indicating the chelates to be partially dissociated. All of the zinc chelates
should be extracted from aqueous solution of high pH because their stability constants
were not very large.” At high pH, however, the reagents were ionised in aqueous
solution. When isoamyl alcohol was used as extractant, the iorised reagents were
also extracted into the isoamyl alcohol phase and gave a high and fluctuating blank
value. Therefore, isoamyl alcohol is not a suitable extractant. MIBK is unsuitable
because it is relatively miscible with water. Chloroform is the most suitable extractant.

Absorption spectra of zinc chelates

Copper is known to form two types of chelate:#*3* one in which the metal to
reagent is in a 1:1 ratio and the other in a 1:2 ratio. A similar occurrence was
expected in the case of the zinc chelates. Therefore, absorption spectra were measured
with solutions containing an excess of zinc in one case and an excess of reagent in
the other case. '

One ml of 10-*M zinc solution and 1 ml of 10-*M reagent solution were added to 10 ml of buffer
solution and adjusted to the optimum pH (Table II). The mixture was diluted to about 25 ml with
water and twice extracted with a few ml of chloroform. The combined extracts were diluted to 25 ml.
with chloroform and the absorption spectra measured over the range 350750 my, using chloroform
as reference solution. The absorption spectra of the zinc chelates of RT and SNT were measured
under the same conditions except that water was used as the solvent.

The results are shown in Figs. 1 and 2. As the molecular weight of the. 2-(2-
thiazolylazo)phenolic compound increased, the molecular extinction coeflicient in-
creased and the maximum absorption also shifted to a longer wavelength. The
molecular extinction coefficient of PNT was, however, smaller than the expected
value. This is believed to be caused by a steric effect of the 4-phenyl group in PNT.

2
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1.0
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F1G. 1.—Absorption spectra of zinc chelates in chloroform:
1—NT, 3—BNT,
2—MNT, 4—PNT,
5—HNT.
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FiG. 2.—Absorption spectra’ of zinc chelates in chloroform or aqueous solution
6—MT, 7—HMT, 8—RT, 9-—HCT, 11—SNT.

The absorption spectra of the chelates of NT, MNT, HNT, BNT and PNT had
up to three maxima in the range 500-600 mu, and were similar to the spectra of
the nickel chelates.®*5> The zinc chelate of HCT exhibited a high maximum at
about 400 mu. This is caused by free HCT produced by dissociation of the chelate

under these conditions.
In the presence of a large excess of reagent, the absorption spectra of the chelates
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could not be measured accurately because of the absorption of the reagents them-
selves. Because the stability constants (log K ;. K,) were 12-15,7 dissociation of the
chelates was negligible as long as the concentration of the reagents exceeded that of
the zinc. The remaining reagent concentration could then be calculated by assuming
that a 1:1 or 1:2 chelate was formed. The absorption spectra of the zinc chelates
could, therefore, be estimated by recording the spectra against the reagent solution
with a concentration calculated as above.

To 10 ml of buffer solution with the optimum pH (Table II), 1 ml of 10-*M zinc solution and
1 ml of 10-2M reagent solution were added. The mixture was diluted to about 25 ml with water and
treated with 10 ml of chloroform. The absorption spectrum of the chloroform extract was measured
against a reference solution prepared as follows. To 10 ml of buffer solution, 0-9 ml (for a 1:1
chelate) or 0-8 ml (for a {:2 chelate) of 10~2Af reagent solution was added, and the mixture shaken
with 10 ml of chloroform. The chelates of RT and SNT were investigated in aqueous solution.

A mixture of 5 ml of buffer solution, I mi of RT or 2 m! of SNT solution and 1 ml (or 2 mlin the
case of SNT) of 10-*M zinc solution was diluted to 10 mt with water. Absorption spectra were
measured against the reagent.

The results are shown in Figs. 3, 4 and 5. Each of the absorption spectra in
Fig. 3 is assumed to be that of a 1:2 chelate and is similar to the absorption spectra

=4
»

Absorbance

Wavelength, mu

F1G. 3,—Absorption spectra of zinc chelates in chloroform:
1—NT, 3—BNT,
2—MNT, 4—PNT,
5—HNT.

obtained with an excess of zinc (Fig. 1). From their absorption spectra and absor-
bances, it appears that the extracted chelates were 1:2 chelates. If the'composition
of the chelate of RT was assumed to be 1:1 (Fig. 4, curve 8a), the absorption
spectrum was negative at about 400 mu. This shows that the concentration of the
reference solution was too high. When the composition of the chelate was assumed
to be 1:2 (Fig. 4, curve 8b), the absorption spectrum was normal and resembled
that obtained if excess of zinc was present (Fig. 2, curve 8).

In the case of the chelate of HCT (Fig. 4, curve 9), the absorption spectrum at
wavelengths longer than 500 mu was similar to the spectrum obtained when excess
of zinc was present, but the absorbance near 400 mu was high. This shows that the
formation of a 1:2 chelate was more favourable in the presence of excess of reagent
than in the presence of excess of zinc.
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Absorbance
n
(L]

Wavelength, mu
F16. 4.—Absorption spectra of zinc chelates in chloroform or aqueous solution:

6—MT, 8—RT,
7—HMT, 9—HCT.

0.5

Absorbance

Wavelength, mu

FiG. 5.—Absorption spectra of SNT-zinc chelate in aqueous solution:
a—pH 80, 1:2; b—pH 8:0,1:1; c—pH 6-5,1:2; d—pH 6'5, 1:1.

In the case of the chelate of SNT, when a 1:2 chelate was assumed to be present
at pH 6-5, the absorption spectrum (Fig. 5, curve c) appeared to be that of the reagent
alone. When the chelate was assumed to be 1:1 (Fig. 5, curve d), the measured
spectrum resembled that obtained when excess of zinc was present. From these
results, it is thought that a 1:1 chelate predominates, while a 1:2 chelate is formed
slightly at higher pH.

The results of the measurements of absorption spectra in the presence of excess
of zinc are summarised in Table II.

Effect of pH
For evaluation of the optimum pH for determination of zinc, the effect of pH

on the absorbance and on the absorption spectrum of the chelates was studied.
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One ml of 10~*M zinc solution and 1 ml of 10-2M reagent solution were diluted to 10 ml and the
pH adjusted to a value in the range 5-5-9-3. The mixture was allowed to stand for about 15 min, then
shaken with 10 ml of chloroform. The absorption spectrum of the chloroform extract was measured
over the range 500-750 mu against chloroform. In the case of RT and SNT, 5 mi of buffer solution
were used; each mixture was diluted to 10 ml with water and the spectrum measured against water.

The absorption spectrum was not observed to change over the pH range 5:5-9-3,
so that obviously only one type of chelate is formed. The zinc chelate of SNT having
a 1:2 ratio of zinc to SNT was assumed to be formed at high pH. The red shift of
the chelate was not so large, while the influence of pH was so great in the spectrum

o5l I
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Fic. 6.—Relationship between absorbance of zinc chelates and pH:
1—NT, 6—MT,
2—MNT, 7—HMT,
3—BNT, 8—RT,
4—PNT, 9—HCT,
5—HNT, 10—DMT,
11—SNT.

of the reagent that the accurate determination of spectra of the chelates was im-
possible, and the formation of a 1:2 chelate was questionable.

The effect of pH on the extraction of zinc is shown in Fig. 6. MT, HCT and
DMT do not give constant absorbances in the pH ranges studied here. The ex-
traction of zinc with MNT, NT, HNT and BNT is complete over a wide range of pH.
Because the reagent absorbance of PNT and HNT is high, a wavelength longer than
the absorption maxima of their chelates is selected for the determination of
absorbance.

The reactivity of DMT with zinc is small, so that DMT is not used for subsequent
experiments. The optimum pH and wavelength for the determination of zinc are
shown in Table II.
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Composition of chelates

The method of continuous variation® was employed to elucidate the composition
of the chelates, presumed to be 1:2 from the results of the measurements of ab-
sorption spectra described above.

Solutions for the spectrophotometric measurements were prepared as follows. Each separatory
funnel contained the reagent (2 X 10~4Af) and zinc solution (2 X 10~*Af) in different proportions,
but the volume of each combined solution was held at 3-0 mi. After adjusting the solution to the
optimum pH (Table IT) with 10 ml of buffer solution, the mixture was extracted with 10 ml of. chioro-
form. The absorption spectra of the chloroform extracts were measured against chloroform over
the range 500-750 myu.

For RT and SNT, S ml of buffer solution were used. The mixtures were diluted to 10 ml with
water and the absorption spectra of the solutions measured against water.

The value Y (Fig. 7) was calculated at the various wavelengths from the difference in absorbance
of the chelate and estimated amount of free reagent. The necessary curves were obtained by plotting
the composition of the solution expressed as mole fraction of zinc.

All of the curves exhibit a distinct maximum or minimum at 0-33 ‘mole fraction,
corresponding to a mole ratio of 1:2, but in the case of the SNT chelate, the curves
indicate the formation of a 1:1 chelate at pH 6-5 and 8-0. Dissociation of the
chelates of MT, SNT, RT and HCT was relatively high. Examples of the curves
are shown in Fig. 7.

Isosbestic point

If the chelate formed had a 1:1 or 1:2 combining ratio, the absorption spectra
of the zinc and reagent system would give an isosbestic point. To determine the
isosbestic point, the following solutions were prepared.

To 10 ml (5 ml for SNT and RT) of buffer solution which had been adjusted to the optimum pH
(Table I1), 2 ml of 2 x 10~*M reagent solution and 0-0-8 ml of 2 x 10—4M zinc solution were added.

The mixture was extracted with 10 ml of chloroform (or diluted to 10 ml with water for SNT and
RT). The absorption spectra were measured over the range 500-750 mp.

All of the absorption spectra have an isosbestic point in the range measured
(Table II). The occurrence of an isosbestic point indicates that there is oniy one
kind of chelate, in which the ratio of zinc to reagent is 1:1 for SNT and 1:2 for
the other reagents.

Relationship between reagent concentration and absorbance of chelate

The following experiments were undertaken to obtain the optimum amount of
the various reagents, and from these results, the molecular extinction coefficient of
the chelates were calculated.

One mi of 10-*M zinc solution was added to a mixture of 10 ml of buffer solution at the optimum
PH (Table IT) and 0-5-4-0 ml of 10-*M reagent solution. The mixture was allowed to stand for about
15 min, then extracted three times with 3 ml of chloroform. The combined extracts were diluted to
10 ml with chloroform in a 10-ml calibrated flask. The absorbance of the extract was measured at
the optimum wavelength (Table II) against chloroform as reference. The blank absorbance of the
reagent was measured under the same conditions. The difference between the absorbance of the che-
late and the blank corresponds to the chelate absorbance. In this case, the decrease in absorbance
of the reagent because of chelate formation was assumed to be negligible. For RT and SNT, 5 ml of
buffer solution were used and the absorbance was measured in aqueous solution, the other conditions
being the same as described above.

The results are shown in Table III. The MT and HCT chelates did not give a
constant absorbance in the range of reagent concentration studied. One ml of reagent
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solution is sufficient for complete formation of the chelate with 1 ml of 10~#M zinc
solution, whereas RT and SNT require 2 ml of reagent solution to produce a constant
absorbance. The molecular extinction coefficients of PNT, RT and SNT were large
at the wavelength measured.

From the sensitivity and reagent absorbance data in Table III and the known

(Zn)ﬁZn) + (Reagent)

Fi6. 7.—Continuous variation plots for zinc chelates:

1—NT, 6—MT,
2—MNT, 7—HMT,
3—BNT, 8—RT,
4—PNT, 9—HCT,
5—HNT, 11—SNT.

order? of the stability constants (log K;.K,) in 509, v/v dioxan-water (NT > HMT >
HCT > DMT > MT), NT, BNT and HMT are the most suitable of the compounds
for determination of zinc. However, because NT is the easiest of these reagents to
synthesise and there is no difference in their chelating action towards other metals,
further experiments were carried out with NT only.

Effect of foreign ions and masking agents

NT reacts with many other metals under the conditions used to form its zinc
chelate. The following metals (ug) gave an absorbance corresponding to 1 ug of
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zinc: cobalt(Il) (1-3), cobalt(1II) (9-8), nickel(1I) (1-2), iron(II) (3-4), iron(III) (9-5),
copper(Il) (1:6), cadmium(Il) (2-8), manganese(Il) (1'3), mercury(Il) (15) and
indium(III) (38). A detailed study of cation interference was not carried out at this
stage because the above results indicated the great need for separations or masking
before zinc could be determined with NT.

The extraction curves of some chelates of NT in the absence of masking agents
are shown in Fig. 8. The following did not interfere with the determination of zinc

Q.7
Mn ()

0.6}~

581 mu

Absorbance,
o
1
1

0.2}~

F1G. 8.—Extraction curves of some NT chelates
{Mn—10 ug; Zn—654 pg; Ni—587 ug: Cd—10 ug; Co—5-89 ug; Fe-—5-38 ug;
Cu—6-35up; Hg—10 ug; In—10 ug; Pb—20 ug)

under the conditions indicated in the Recommended procedure: thiosulphate, citrate,
acetate, oxalate and dimethylglyoxime (Table IV). Large amounts of hydrogen
peroxide and periodate gave rise to low results by oxidation of the reagent. EDTA,
cyanide and pyrophosphate prevented the reaction. Chloride, sulphate and nitrate
were without effect up to at least 500 mg.

Dimethylglyoxime forms more stahle chelates with iron, nickel, cobalt and copper
than does NT, while it has no effect on the reaction between zinc and NT. Therefore,
dimethylglyoxime is expected to be an excellent masking agent in the determination
of zinc. If the pH was more alkaline than 75, the presence of 5 mg of dimethyl-
glyoxime and 100 mg of ammonium citrate did not interfere (Table V). The ammonium
citrate prevented the precipitation of some metals.

In the interference studies of various cations, the foreign ions were added under the
same conditions as in the Recommended procedure (i.e., dimethylglyoxime and
ammonium citrate present as masking agents) and their effect noted (Table VI).
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TABLE IV.—ANION INTERFERENCE

Anion, mg® Zn found,® ug
Sodium thiosulphate 100 65
Sodium citrate 100 64
Ammonium citrate 10 65

50 65
100 66
200 64
Sodium acetate 100 65
Ammonium oxalate 10 65
Sodium pyrophosphate 100 0-0
Potassium periodate 7 60
0-7% solution 2 drops 65
Potassium cyanide 100 0-0
Hydrogen peroxide 100 58
50 59
10*M EDTA 1mi 00
Dimethylglyoxime 5 65
10 65

* Anhydrous.

b 6-54 ug of zinc present.

TABLE V.—EFFECT OF CITRATE AND DIMETHYLGLYOXIME

Masking agent, mg Zn found,* ug
) « . . 8 .
onium citrate 100 pH 696 7-50 810 52 9-33
Absorbance 0472 0502 0-502 0505 0-499
695 . 8- 8 o
Dimethylglyoxi 5 pH 7-55 00 50 933
Absorbance 0391 0498 0506 0506 0-506
Ammonium citrate 100 pH 7-00 7-50 8-00 8-52 8-95
Dimethylglyoxime 5 Absorbance 0-471 0500 0-503 0506 0-504
* 6-54 pug of zinc present.

Mercury(Il), bismuth(III), manganese(Il), cadmium(I) and uranium(VI) cause
interference. Moderate amounts of sodium, potassium and ammonium do not inter-
fere. The chelates of bismuth and mercury are partially decomposed when they are
extracted. The latter can be masked with thiosulphate. Bismuth decreases the
absorbance, but can be tolerated up to 50 ug. Manganese forms a coloured chelate
which is extracted under the conditions used for determining zinc, but its interference
up to 50 ug is readily overcome by the addition of 2 drops of 0-79, potassium
periodate solution before the addition of NT. Although the interference of uranium
is relatively small, cadmium interferes seriously. A special separation step must be
introduced if cadmium is present, such as anion exchange and dithizone extraction
separation.

Other experimental variables

The reaction time for chelate formatiop was tested under the conditions specified
in the Recommended procedure. The chelate was formed quantitatively within 5 min
and no further increase in absorbance was noted up to at least 20 min in the presence



208 AKIRA KAWASE

TABLE VI.—CATION INTERFERENCE

Cation, ug Zn found,* ug Cation, ug Zn found,* ug
Ni*+ 50 63 Cu*t 50 65
100 65 100 65
Co** 350 65 Ca*t 100 65
100 64 Mg+ 100 65
Co*t® 100 65 APt 100 65
Fe*t 100 65 Zrtt 100 64
Fe** 50 64 Cett 100 6-4
100 64 U0 100 71
Hg*t 50 71 La** 100 64
100 6-5° Mo*t 100 64
In*t 50 67 wet 100 66
Pb** 200 65 Sb++ 100 64
Mn*t 50 13-3 Sn*t 100 63
50 6-7¢ Pd*+ 100 66
100 153 Bi** 50 62
Car+ 2 77 100 5-4
5 93 Cr*t 100 65
10 106 vet 100 67

* 6:54 ug of zinc present.
® 100 mg of sodium thiosulphate added.
¢ 2 drops of 0-7%; potassium periodate added.

or absence of masking agents. A 10-min reaction time is recommended simply to
allow a margin of safety. The extracted zinc chelate of NT was stable and no change
in the absorbance was observed for at least 1 hr.

Chloroform often contains oxidising substances produced by its own decompo-
sition. If such chloroform was used for the extraction, the absorbance of the chelate
showed a 29, decrease over 10 min and this tendency was remarkable at low pH.
In this case, good results can be obtained by shaking the chloroform with ascorbic
acid solution and water. Redistillation is then unnecessary.

The chelate was rapidly and quantitatively extracted into chloroform in a single
equilibration by shaking about 50 times by hand. The reagent solution must be
added to the buffered zinc solution. Because of precipitation of the reagent in aqueous
solution, a sufficient excess of reagent does not remain in solution to give a rapid
and quantitative reaction if it is added before the buffer solution.

The chelate solution was found to follow Beer’s law over the range 0-1-8-0 ug
of zinc using the Recommended procedure. The Sandell expression of sensitivity was
found to be 0-0013 ug of zinc/cm® compared with 0-0016 for dithizone and 0-003 for
Zincon.!

Recommended procedure

Transfer test solution containing 0-1 -8 ug of zinc to a 50-ml beaker. Add 10 mi of buffer solution
and 1 ml of 10%; ammonium citrate solution. Adjust the pH to 8, then transfer to a 50-ml separatory
funnel. Dilute to 20-30 ml with water. Add 0-5 ml of 1% alcoholic dimeﬂig'lglyoxime solution and
1 ml of 10-*M NT solution. Stand for 10 min. Add 10 ml of chloroform and shake vigorously about
50 times by hand. Drain the chloroform phase into a 1-<m cell through a small absorbent cotton
plug to remove droplets of water. Measure the absorbance at 581 mu against chloroform. Run a
blank experiment through the entire procedure and subtract the blank from the absorbance of the
sample. Establish the amount of zinc from a calibration curve obtained with known amounts of
zinc treated as above.
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Determination of zinc in thorium oxide and magnesium

The Recommended method was tested by analysing samples of thorium oxide and
magnesium and compared with other procedures for the determination of zinc.
Using the dithizone extraction method, a preliminary separation was necessary.
Zinc dithizonate was extracted from a buffered ammonium citrate solution of thorium
oxide at pH 8-3 with a benzene solution of dithizone and from a sodium thiosulphate-
acetate solution of magnesium at pH 5-5 with a carbon tetrachloride solution of
dithizone. The extracts were then shaken with 0-1M hydrochloric acid to obtain
zinc in the aqueous phase. The results are shown in Table VII: there is a good
agreement between the new method and the other procedures.

TABLE VII.—DETERMINATION OF ZINC IN THORIUM OXIDE AND MAGNESIUM

USING NT®
Zinc, %
Sample
Present Found
Thorium oxide 0-00028* 0-00028 + 0-00003
Magnesium 0-022¢ 0-022 + 0-0004

& Each value is the average of 5 determinations.

b Dithizone extraction-dithizone (photometric) method:!* 2-8 4. 0-2 ppm;
dithizone extraction-polarographic method:!* 2-8 4 0-1 ppm; anion
exchange-dithizone (photometric) method:'* 26 + 0-3 ppm; anion
exchange-polarographic method:"* 2-9 + 0-3 ppm.

¢ Japan Industrial Standard Method:'®* 0-022%;; dithizone extraction-
polarographic method:** 0-022%,.

Zusammenfassung—Die spektralphotometrische Bestimmung von
Zinkspuren mit Derivaten von 2-(2-Thiazolylazo-)phenol wurde
untersucht. Mit Zink bilden diese Verbindungen blaue oder rotviolette
Chelate, die sich meist mit Chloroform extrahieren lassen. Es ents-
tehen Losungen mit einem Absorptionsmaximum in der Néhe von
600 mu. 1-(2-Thiazolylazo-)-2-naphthol(NT)wird zur Zinkbestimmung
bis herunter zu 0,1 g empfohlen. Die Empfindlichkeit nach Sandell
ist 0,0013 ug Zink pro cm®. Die Stdrung von 29 Kationen und 11
Anionen wurde mit und ohne Gegenwart von Ammoniumcitrat und
Dimethylglyoxim gepriift. Quecksilber(II), Mangan(lI), Cadmium(II),
Uran(VI), EDTA, Cyanid und Pyrophosphat stéren, doch konnen
Quecksilber(Il) und Mangan(Il) durch Thiosulfat bzw. Perjodat
maskiert werden. NT wurde zur Zinkbestimmung in Thoriumoxyd
und in Magnesium verwendet.

Résumé—On a étudié le dosage spectrophotométrique de traces de
zinc au moyen de dérivés du 2-(2-thiazolylazo) phénol. Ces composés
forment avec le zinc des chélates bleus ou rouge-violets qui sont pour
la plupart extractibles au chloroforme, donnant des solutions qui
présentent un maximum d’absorption voisin de 600 mu. On recom-
mande le 1-(2-thiazolylazo)-2-naphtol (NT) pour le dosage du zinc
jusqu’a 0,1 ug (limite inférieure). L’expression de la sensibilité selon
Sandell est de 0,0013 ug de zinc/cm®. On a étudié l'interférence de
29 cations et 11 anions en présence et en I'absence de citrate d’am-
monium et de diméthylglyoxime. Les mercure(Il), manganése(Il),
cadmium(I), uranium(VI), EDTA, cyanure et pyrophosphate
interférent, mais on peut dissimuler les mercure(Il) et mangandse(II)
par addition, respectivement, d’hyposulfite et de periodate. On a
appliqué (NT) au dosage du zinc dans I'oxyde de thorium et dans
le magnésium.
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Summary—o-Phenylenediamine and its 4-substituted derivatives,
4-methyl-o-phenylenediamine, 4-chloro-o-rhenylenediamine and 4
nitro-o-phenylenediamine, all react with selenous acid in acid solution
to form benzoselenadiazoles, which can be extracted into toluene.
The distribution ratio, wavelength of maximum extinction, molar
extinction coefficient and optimum conditions of formation have been
studied for each benzoselenadiazole. Iron(IIl) and molybdenum(VI)
interfere in the determination of sclenium with these reagents, but the
interference can be overcome by EDTA in both cases. Vanadium(V)
interferes only in the case of the 4chloro- and 4-nitro-o-phenylene-
diamines, and EDTA does not climinate this interference.

INTRODUCTION

SINCE Hoste and Gillis!? proposed 3,3'-diaminobenzidine as a specific reagent for
selenium, this reagent has found several analytical applications.3 It has also been
employed for the fluorimetric determination of trace amounts of selenium.®-® Recently,
Parker and Harvey!® have proposed 2,3-diaminonaphthalene as an excellent fluori-
metric reagent for selenium. The use of the reagent in gravimetry and photometry of
selenium has also been attempted.!! o-Phenylenediamine has been the subject of
several investigations.!*~14 The reaction of 4-dimethylamino-o-phenylenediamine with
selenous acid has also been described®-1® and the reagent has found an application in
the determination of selenous acid."

In this paper, critical studies are presented on the suitability of some commercially
available 4-substituted o-phenylenediamines as reagents for selenium.

EXPERIMENTAL

Reagents

0-5%; o~Phenylenediamine hydrochloride solution

0-5% 4-Methyl-o-phenylenediamine hydrochloride solution

0-5%, 4-Chloro-o-phenylenediamine hydrochloride solution

06 % 4-Nitro-o-phenylenediamine hydrochloride solution

One ml of each solution corresponds to about a 100-times molar excess for 20 ug of selenium.
The solutions can be stored for a few days in a refrigerator. The 4-nitro-o-phenylenediamine is so
stable that the solution can be used without any difficulty after standing for more than 1 week at
room temperature.

All the reagents are commercially available (Tokyo Chemical Industry Co., Ltd., Japan). The
commercial products can be purified as follows: Prepare a hot saturated solution of the relevant
amine hydrochloride containing sodium bisulphite and Norit “SX-II"” (N. V. Norit-Vereeniging,

* Presented before the 12th Annual Meeting of the Japan Socicty for Analytical Chemistry,
Kanazawa, on 9th October, 1963.
211
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Netherlands). Filter and add concentrated hydrochloric acid to the cooled filtrate. Filter the resulting
crystals of amine hydrochloride and wash with a small amount of water. Store the purified material
in a vacuum desiccator. Reagents thus obtained can be stored without any deterioration for more
than 1 year.

Stoc);c selenium solution (1 mg of Se/ml). Dissolve 2-20 g of anhydrous sodium selenite in 1 litre
of 0:1M hydrochloric acid. Standardise the solution iodimetrically. A working solution of 5:00 ug
of Se/ml is prepared by suitably diluting the stock solution with 0-1M hydrochloric acid.

Hydrochloric acid, reagent grade

2:5M and 1M formic acid

0:1M EDTA solution

Toluene, reagent grade or redistilled

Anhydrous sodium sulphate. Metallic impurities are removed by repeatedly washing a column of
reagent grade anhydrous sodium sulphate with a chloroform solution of 8-hydroxyquinoline. The
purified reagent is dried and stored in a well-stoppered bottle.

Apparatus

Hitachi EPS-2 auto-recording spectrophotometer

Beckman Model DU spectrophotometer with 1-cm Pyrex and silica cells
Toyo-Roshi Model GB glass-electrode pH meter

Horiba Model P glass-electrode pH meter

RESULTS AND DISCUSSION

4-Substituted o-phenylenediamines react with selenous acid to form 5-substituted
benzoselenadiazoles as exemplified below:

X X\
N _ -
NHS* + H,8¢0, —> =N\Se + 3H,0 + H*.
—NH, =N/
5-X-2,1, 3-
benzoselenadiazole

Spectral characteristics

Twenty ug of selenium are taken in a 100-ml separatory funnel. The solution is diluted with
0-1M hydrochloric acid to 24 ml and 1 ml of o-diamine reagent solution added. After standing for
2 hr, the benzoselenadiazole formed is extracted with exactly 10 ml of toluene, the funnel being
shaken for 5 min on a shaker. After complete separation of the two phases, the aqueous layer is
drawn off and the toluene layer washed once with 10 ml of 0-1Mf hydrochloric acid. The absorption
curves of the benzoselenadiazoles are recorded on the toluene solution thus obtained over the wave-
length range from 300 to 420 mu (Fig. 1). In Fig. 2 are given the absorption curves of the o~diamine
reagents themselves in toluene.

As shown in Fig. 1, absorption maxima are found at wavelengths of 335, 337, 341
and 350 mu for benzoselenadiazole, 5-methyl-benzoselenadiazole, 5-chloro-benzo-
selenadiazole and 5-nitro-benzoselenadiazole, respectively. Thus, the substitution of
CHj-, Cl- and NO,-groups at the 5-position of benzoselenadiazole and 4-position of
o-phenylenediamine shifts the absorption maximum to a longer wavelength, in
accordance with previous observatjons on mono-substituted benzenes.’® Although
the absorption curves of 4-nitro-o-phenylenediamine and 5-nitro-benzoselenadiazole
overlap considerably, the reagent can be effectively eliminated by washing once with
0-1M hydrochloric acid, while the 5-nitro-benzoselenadiazole is quantitatively
retained in toluene (see the subsequent section).

Effect of pH

The benzoselenadiazoles have been formed at 20° and various pH. After standing for 2 hr, the
product is extracted with 10 ml of toluene at the same pH and the extract washed once with 0-1M
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FiG. 1.—Absorption curves of the 5-substituted benzoselenadiazoles:
1: 2,1,3-benzoselenadiazole;
2: 5-methyl-2,1,3-benzoselenadiazole;
3: 5-chloro-2,1,3-benzoselenadiazole;
4: 5-nitro-2,1,3-benzoselenadiazole.
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FiG. 2.—Absorption curves of the 4-substituted o-phenylenediamines:
1: o-phenylenediamine;
2: 4-methyl-o-phenylenediamine;
3: 4-chloro-o-phenylenediamine;
4: 4-nitro-o-phenylenediamine.
(2 pmole of relevant o-phenylenediamine extracted at pH 10-1-10-3)
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hydrochioric acid. The extinction of the toluene extract is measured at the relevant maximum
wavelength using toluene as reference (Fig. 3). The extinction thus obtained is a measure of the
extent of reaction at each pH.

As shown in Fig. 3, constant extinctions are obtained over the range of pH 1-2-5
for o-phenylenediamine and 4-methyl-o-phenylenediamine, while the pH ranges of
constant extinction are <2:3 and <2 for 4-chloro- and 4-nitro-o-phenylenediamines,
respectively.

The acid dissociation constants of the o-diamine dihydrochlorides were determined
spectrophotometrically. The pK-values decrease with increasing electron-with-
drawing power of the substituent at the 4-position (Table I). Hence, the results given

o3

E xtinction
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Fi. 3.—Effect of pH on formation of the 5-substituted benzoselenadiazoles:

— A— o-phenylenediamine;

— @— 4-methyl-o-phenylenediamine;

—O— 4-chloro-o-phenylenediamine;;

—{~— 4-nitro-o-phenylenediamine.
in Fig. 3 are reasonably explained, if undissociated selenous acid (pK, : 6:60, pK, : 2:57'%)
and singly protonated o-diamine are assumed to be concerned in the formation of
benzoselenadiazole.*

Time required for full coloration

The time required for quantitative formation of benzoselenadiazole has been
critically examined for each o-diamine at 20 + 1° (Fig. 4). The reaction rate is
greater at pH 2 than at pH 1 for o-phenylenediamine and 4-methyl-o-phenylene-
diamine, while for 4-chloro- and 4-nitro-o-phenylenediamines the rate is greater at pH
1 than at pH 2. These results can be easily accounted for by taking into account the
following facts: the concentration of reactive singly protonated species is higher at

* Detailed results on the kinetics of these reactions will be published elsewhere. A kinetic study

of the reaction of selenous acid with o-phenylenediamine® was found while we were preparing
this manuscript.
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TABLE I.—pK-VALUES OF THE 0-DIAMINE DIHYDROCHLORIDES (20°; IONIC STRENGTH ft = 1-0)

o-Diamine PK, pKs*
o-Phenylenediamine 4-85(4-57,2° 4-58*") 0-88(1-36,% 2-0i%Y)
4-Methyl-o-phenylenediamine 5-24 1-27
4-Chloro-o-phenylenediamine 404 —0-14
4-Nitro-o-phenylenediamine 285 —
_ CaalHAY]

MKy = TLAA where total concentration of HCI and free amine are denoted as Cyey and
A, respectively.

pH 2 than at pH 1 for o-phenylenediamine and 4-methyl-o-phenylenediamine, while
the reverse situation holds in the case of the other two o-diamines (¢f. pK-values listed
in Table I). Anyhow, 2-2-5 hr are sufficient at 20° for full coloration in all cases.
As expected, heating hastens the reaction and 5 min are sufficient for full coloration in
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Fic. 4.—Effect of time on maximum formation of the 5-substituted benzoselenadiazoles:

1: o-phenylenediamine;

2: 4-methyl-o-phenylenediamine;
3: 4-chlora-o-phenylenediamine;
4: 4-nitro-o-phenylenediamine;
—0O—pHI; —A—PpH2
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a boiling water-bath. The benzoselenadiazoles thus formed are stable indefinitely in
toluene and no change of extinction is observed even after standing for more than 10
days at room temperature.

Comparison of molar extinction coefficients and distribution ratios

The molar extinction coefficients of the benzoselenadiazoles are given in Table II.
In the same table are also listed the distribution ratios. Because the distribution ratios
are too high to measure after only one equilibration of the aqueous and organic
phases, 10 ml of toluene containing benzoselenadiazole of known extinction are
equilibrated 10 times with 50 ml of aqueous phase saturated with toluene. The dis-
tribution ratio can then be easily calculated from the decrease in extinction. As
shown in Table II, the molar extinction coefficients are satisfactorily high in all cases
and the distribution ratio is sufficiently high for all but o-phenylenediamine. The 4-
methyl- and 4-chloro-o-phenylenediamines are excellent as regards sensitivity as well
as in the distribution ratio of the corresponding 5-substituted benzoselenadiazoles.

As observed earlier for aniline and 8-hydroxyquinoline derivatives,®-24-% sub-
stitution of chlorine at the 4-position of o-phenylenediamine most favours the
extractability of the resulting benzoselenadiazole. Enhancement of distribution ratio
of the 5-substituted benzoselenadiazoles is in the following order:

H— <NOy— <CHj— <Cl—.

Beer’s law is obeyed over the range 0-25 ug of selenium/10 ml of toluene for all of the
three 4-substituted o-phenylenediamines.

TABLE I1.——MOLAR EXTINCTION COEFFICIENT AND DISTRIBUTION RATIO OF THE 5-SUBSTITUTED BENZO-

SELENADIAZOLES
Molar extinction Distribution ratio®
Benzoselenadiazole coefficient pH 1 pH 2
2,1,3-Benzoselenadiazole 17750 149 154
5-Methyl-2,1,3-benzoselenadiazole 17900 657 657
5-Chloro-2,1,3-benzoselenadiazole 18400 2580 2580
5-Nitro-2,1,3-benzoselenadiazole 15460 367 367

® The experimental values were recalculated to get values for a 1:1 volume ratio of the aqueous
and organic phases and only the chargeless benzoselenadiazole exists in both phases under
these experimental conditions. Therefore, these values can be regarded as partition coefficients.

Interference studies

The following elements or compounds do not interfere with the determination
of 20 ug of selenium at least up to the specified amount (reaction carried out in
0-1M hydrochloric acid unless otherwise noted): aluminium(III) (100 mg), arsenic(IIT)
(1 mg), arsenic(V) (1 mg), barium(II) (400 mg), cadmium(Il) (150 mg), calcium(II)
(100 mg), chromium(III) (0-05 mg), cobalt(I) (50 mg), copper(Il) (10 mg), lead(Il)
(300 mg, used as nitrate in 0-1 M formic acid), magnesium(II) (250 mg), manganese(il)
(10 mg), nickel(II) (50 mg), tin(IT) (0-1 mg), zinc(II) (100 mg), iodide (10 mg), sodium
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chloride (0-5 g), potassium chloride (0-5 g), potassium chlorate (0-5 g), ammonium
sulphate (1g), sodium nitrate (0-5g), potassium dihydrogen phosphate (0-5 g),
potassium bromide (0-5 g), tartaric acid (150 mg), oxalic acid (1 g).

When antimony or bismuth is present, it is reccommended that the 4-chloro- or
4-nitro-derivative be employed and the reaction carried out in 1-2M hydrochloric acid.
The presence of 150 mg of antimony(III) and 100 mg of bismuth(IIl) is then without
influence.

Iron(III) interferes in all cases, an orange product being formed both at pH 1 and
2. In the case of o-phenylenediamine and 4-methyl-o-phenylenediamine, the colored
products extracted in toluene can be completely removed by washing once with 0-1M
hydrochloric acid and no interference is then appreciable for about 1 mg of iron(III).
With 10 mg of iron(III), however, a negative interference is observed. The toluene
extracts for 4-chloro- and 4-nitro-o-phenylenediamines in the presence of iron(III)
show a yellowish shade even after washing with 0-1M hydrochloric acid and positive
interference results regardless of the quantities of iron(IlI). Because the formation of
stable protonated diamine is more appreciable at pH 1 than at pH 2, the interference
of iron(III) is greater at pH 2 than at pH 1. The interference of iron(III) can, however,
be effectively eliminated by EDTA (Table III).

TaBLE III.—EFFECT OF IRON(III) ON THE DETERMINATION OF 20 ug OF SELENTUM (pH 1)

Fe' added,  0-1M EDTA Extinction
mg added, m! 4-Methyl-  4-Chloro- 4-Nitro-
o-Phenylene-  o-phenylene-  o-phenylene- o-phenylene-
diamine diamine diamine diamine
None 0450 0-453 0-467 0-393
04 0-446 0453 0-496 0-593
04 0450 — 0-490 0-562
1 0450 0-457 0-586 —
1 0-448 0454 —_ —
1 1 — —_ 0-468 0-392
1s 1 — — 0-854 1-12
10 0077 0073 2:2 195
10 0096 0-077 — —
10+ 0-012 0024
10 5 0-450 0-454 0-468 0-395
10+ 5 0-447 0-454 0-469 0-392
10 10 0-453 0-452 0-467 0-393
s pH2

Molybdenum(VI) gives rise to a negative interference probably because of con-
sumption of the reagent. This interference can also be suppressed by EDTA.

Vanadium(V) also forms yellowish products in aqueous solution at pH 1 and 2;
for o-phenylenediamine and 4-methyl-o-phenylenediamine, vanadium does not
interfere if the toluene layer is washed once with 0-1M hydrochloric acid. For 4-
chloro- and 4-nitro-o-phenylenediamines, although 60 ug of vanadium(V) have no
effect on the determination of selenium, 1:36 mg cause a positive interference, giving
rise to a violet or yellow coloration in the toluene which cannot be eliminated by
washing. Neither a higher acidity (1M hydrochloric acid) nor EDTA eliminates the
interference from vanadium (Table IV).
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TABLE IV.—EFFECT OF VANADIUM(V) ON THE DETERMINATION OF 20 ug OF SELENIUM (pH 1)

Extinction
VY added, 0-1M EDTA
mg added, m/ 4-Methyl- 4-Chloro- 4-Nitro-
o-Phenylene-  o-phenylene-  o-phenylene-  o-phenylene-
diamine diamine diamine diamine
None 0-450 0-453 0-467 0-393
0-03 0-450 0-453 0-467 0-423
0-06 — 0-453 0-468 0-430
0-06 1 — 0-450 0-468 0-477
0-12 0-444 — — —
012 1 0-449 — — —
1-36 0-450 0-455 0-645 0-505
1-36* 0-450 0-450 1-04 1-12
1-36 2 0-448 0-446 0-649 1-37
1-36* 2 0-447 0-447 0-559 142
1-36 5 0-450 0-449 0-601 1-61
spH 2

More than 0-1 mg of tin(IV) or chromium(III) gives rise to a negative interference
in all cases and neither higher acidity (1M hydrochloric acid nor the addition of
EDTA is effective in the suppression of the interference. However these elements
can be easily separated from selenium as oxinates.

CONCLUSION

o-Phenylenediamine and 4-methyl-o-phenylenediamine can be regarded as highly
selective reagents for the determination of selenium when used with EDTA. Of
these, the latter is the better because of the higher distribution ratio of 5-methyl-
benzoselenadiazole. If iron(IIl), vanadium(V), tin(IV) and chromium(IIl) are
separated by extraction as 8-hydroxyquinolates from a slightly acidic medium (ca.
pH 4), the other two reagents, 4-chloro- and 4-nitro-o-phenylenediamine, can also
be used successfully. These two o-diamines, in particular the latter, can be very
conveniently employed for the determination of selenium in strongly acidic solution,
e.g., the determination of selenium(VI) after reduction to the quadrivalent state in
concentrated hydrochloric acid. Thus, taking into consideration the above findings,
one can choose one of the four o-diamines to suit a particular problem.

Zusammenfassung—o-Phenylendiamin und seine 4-substituierten Deri-
vate 4-Methyl-, 4-Chlor- und 4-Nitro-o-phenylendiamin reagieren alle
mit seleniger Sdure in saurer Losung zu Benzoselenadiazolen, die
in Toluol extrahiert werden konnen. Verteilungsverhiltnis, Absorp-
tionsmaximum, molarer Extinktionskoeffizient und optimale Bildungs-
bedingungen fur jedes Benzoselenadizaol wurden ermittelt. Eisen(III)
und Molybdén(VI) storen die Selenbestimmung mit diesen Reagen-
tien, die Stérung kann jedoch in beiden Fillen durch EDTA beseitigt
werden. Vanadium(V) stért nur im Falle der 4-Chlor-und 4-Nitro-o-
phenylendiamine, und diese Stérung 146t sich mit EDTA nicht
beseitigen. .

Résumé—L’o-phenylénediamine et ses dérivés 4-substitués, 4 méthyl-
o-phénylénediamine, 4-chloro-o-phénylénediamine et 4-nitro-o-phényl-
¢nediamine, réagissent tous avec I'acide sélénieux en solution acide
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pour former des benzosélénodiazoles, extractibles au toluéne. Pour
chaque benzosélénodiazole, on a étudié le coefficient de partage, la
longueur d’onde du maximum d’extinction, le coefficient d’extinction
moléculaire et les conditions optimales de formation. Le fer(III) et le
molybdéne(VI) interférent dans le dosage du sélénium au moyen de ces
réactifs, mais cette intepférence peut étre éliminée dans les deux cas au
moyen d’EDTA. Le 4anadium(V) n’interfére qu’'avec les 4-chloro- et
4-nitro-o-phénylénediamiines, et 'EDTA n’élimine pas cette inter-
férence.
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NEUTRON-ACTIVATION ANALYSIS OF COPPER IN LEAD
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Summary—Submicrogram quantities of copper were determined in
lead samples using neutron-activation analysis. The chemical sepa-
ration of copper was performed by extraction with 2,2’-diquinolyl
(cuproine) in isoamyl alcohol. No minor or trace constituents in the
lead samples interfere with the copper determinations.

INTRODUCTION

ALTHOUGH copper is a common constituent of lead, a neutron-activation analysis of
this element in a lead matrix has hitherto never been developed. Copper has been
determined in various other materials!~? using a separation as CuCNS or CuS.
Non-destructive gamma-spectrometric copper determinations have been performed
by Cosgrove and Morrison® using decay measurements of the 0-51-MeV annihilation
radiation of %Cu. Chinaglia® and Petit and Engelmann'® used a rather specific
84Cu determination based on the coincidence measurement of the iwo annihilation
quanta. Other isotopes yielding f* radiation can, however, interfere with the 4Cu
determination. Activation analyses based on irradiations with a Van de Graaff
accelerator neutron source have been made by Guinn and Wagner.1!

In this paper a copper determination in lead using %Cu is described. A specific
chemical separation procedure is used, based on the extraction of the ®Cu-2,2'-di-
quinolyl complex in isoamyl alcohol according to Hoste.12

NUCLEAR PROPERTIES

84Cu (t; = 12-8 hr) formed by neutron irradiation with an activation cross-section
of 3-0 b predominantly gives rise to annihilation radiation. A low-intensity y-ray
of 1-34 MeV is valueless for a gamma spectrometric determination, in the presence
of a mixture of radioisotopes from other contaminants of the lead samples, although
the matrix itself is quite inert for neutron irradiation. Table I gives a survey of the
nuclear values for most of the common minor and trace constituents of lead.

If a chemical separation of copper is used, none of these elements can interfere
with the copper determination. The %Zn (n,p)®4Cu reaction with a cross-section of
22 mb can give rise to an interference, which was experimentally determined for
irradiations in the BR-1 reactor at a neutron flux of 8 x 10 neutrons . cm~2. sec™™.
For a concentration of 100 ppm of zinc, the error in the determination of 1 ppm of
copper was only 3%. The use of more thermalised irradiation positions of the
reactor can further reduce this error to a significant degree if required.

Neutron shadowing effects in the copper standards were avoided by the use of
dilute copper solutions in quartz ampoules. As can be seen from Table II, the specific
activity of copper remains unaffected by self-shadowing up to concentrations of 7 mg
of copper in 250 ul of water (irradiation at 8 X 10! neutrons . cm~2. sec™! in BR-1).

* Research Fellow LLK.W.
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TABLE I.—RADIONUCLIDES PRODUCED FROM TRACE AND MINOR CONSTITUENTS OF
LEAD ALLOYS BY IRRADIATION WITH THERMAL NEUTRONS

Isotopic  Product on
Isotopic activation thermal

Target abundance, cross sec- neutron y-radiation and
Element nuclide % tion, barns irradiation Half-life energy, MeV
Cu 83Cu 70-13 30 84Cu 12-8 hr 0-511; 1-34
%Cu 29-87 0-65 $3Cu 5-1min 0-83; 1-04
As BAS 100 43 TAS 265hr  0-55; 0-64; 1-20;
1-78; 2-10; 2-80
Sb 1515h 56 37 1338h 28d 0-566; 0-686; 1-137
1-256
118hH 56 13 123mgG, 3-5min 0-060; 0-075
1135 4 11 1245h 61d 0-603; 0-641; 0-716
1-68; 2-09
1235 44 0-013 124m,Sh 1:33min 0-012
1235h 44 0-013 134mySh 21 min 0-018
Ag 107Ag 51-9 23 108Ag 2-3min 0-430; 0-511; 0-600
0-630
Ag 48-1 54 HoAg 24sec  0-660; 0-720; 0-810
0-880; 0-940
10Ag 481 1-4 mmAg 270d 0-656; 0-681; 0-706
0-764; 0-884; 0-940
1-38; 148
Zn Zn 509 0-25 “Zn 254d 0-511; 1-11
887Zn 174 0-62 ssmZn 13-8hr  0-438
Sn 1280 1-1 0-013 usgn 112d 0-260; 0-392
116Sn 15:5 0-001 WmSn 14d 0-161; 0-320
1238n 55 0-007- 123380 40 min 0153
124Gn 68 0-01 1#8mSn 9-5 min 0-326
Na 9Na 100 054 MNa 14-8 hr 1-38; 2:76

TABLE 1I.—NEUTRON SELF-SHADOWING

Weight of copper, Count rate, Relative specific activity,
mg[250 ul c/m c/m. mg
17-322 296,470 17,115
6-929 119,740 17,470
1-732 30,537 17,730
0-693 11,955 17,426
0173 3,005 17,630
EXPERIMENTAL

Chemical separation of copper traces from iead

The extraction of the copper-2,2’-diquinolyl complex in isoamyl alcohol can be used for the
detection and the determination of trace amounts of copper. The yield is ca. 99% in the presence
of gram amounts of lead for an isoamyl alcohol-water volume ratio of 1:3-5. As appears from Table
111, the extraction is practically quantitative for 100 ug-amounts of copper when 10 ml of a 0-029;
2,2’-diquinolyl solution is used. Two successive extractions ensure a quantitative recovery from the
aqueous phase.

The influence of arsenic, antimony, zinc, bismuth and silver was carefully investigated using
tracers of these elements. None of these common contaminants of lead is extracted together with
copper, or gives rise to a measurable interference.
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TaBLE III.—COPPER EXTRACTION

Cu carrier, Extraction,

“8 %
10 99-1
15 99-8
20 99-0
40 99-0
55 99-0
68 99-5
85 99-2

170 98-5

340 73

Procedure

Lead samples of ca. 1 g are sealed in quartz ampoules and are irradiated in the BR-1 reactor
at a neutron flux of 8 x 10! neutrons.cm™3. sec™:. The irradiated samples are dissolved in 30 ml of
1M HNO, in the presence of 30 ug of Cu(NO,), carrier. The solution is neutralised to pH 4-4-5 with
NaOH and 200-300 mg of NH,OH.HCI are added to reduce the copper to the univalent state. The
solution is shaken for 1 min with a 10-ml portion of a 0-027; 2,2'-diquinolyl (cuprolne) solution in
isoamyl alcohol. After centrifugation, both phases are separated. 30 ug of Cu(NO,), are again added,
and the separation is repeated. The isoamyl alcohol fractions are assembled and counted ina well-type
Nal(T1) crystal scintillator. The radiochemical purity of the organic fractions was checked with a
multichannel analyser. The aqueous fraction is y-spectrometrically controlled for #mZn and *Cu
activities. In the presence of high activities of isotopes from Sb, As, Zn, Ag and Cd, it is necessary to
wash the isoamyl alcohol fraction thoroughly with water.

RESULTS

The method was tested on a series of synthetic lead samples, on four commercial
high-purity lead samples and on a lead alloy.

TABLE 1V.—ACTIVATION ANALYSIS OF COPPER IN LEAD
Cu added per Weight of

g of Pb, lead, Cu concentration, Cu found,
No. 74 g ppm ppm Average
1 688 1-0568 10-24* 10-00
2 688 1-0304 10-24* 10-03
3 688 10514 10-24* 10-23 1020 + 0-24
4 688 1-0058 10-24* 10-53
5 344 0-5000 680 651
6 344 0-5001 680 658
7 344 0-5032 680 647
8 344 0-5030 680 660 : _
9 3-44 0-5008 680 6-40 658 + 014
10 344 0-5062 680 655
11 344 0-9792 680 686
12 344 1-0182 680 672
13 0 1-0331 336 328
14 0 1-0007 336 317
15 0 1-0074 336 346
16 0 1-0171 336 320 ) ]
17 0 09792 336 349 3-36 £ 016
18 0 1-0002 3.36 330
19 0 1-0198 3.36 334
20 0 0-6671 336 367
21 0 1-0001 336 332

* Concentration of copper = concentration added + concentration initially present (3-:36 ppm).
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The synthetic samples were obtained by evaporating different amounts of a stand-
ardised copper nitrate solution with gram amounts of lead powder of known copper
content. The results of activation analyses of these synthetic samples are shown in
Table IV.

The results of the commercial lead samples are given in Table V. Some of the
samples contain high concentrations of antimony (JM-4: 0-89,) and silver (VM-1:
11 ppm); no interference, however, was observed from these elements. The copper
concentration throughout the ingots appears to be inhomogeneous. The edges of
sample VM-3 contain a concentration of copper almost twice as high as in the middle
of the ingot.

The lowest quantity of copper analysed was 0-1 ug. Appreciably lower copper
concentrations can, however, be determined. One can compute that an irradiation of

TABLE V.—ACTIVATION ANALYSIS OF COPPER

Weight of Cu found,
Sample lead, g Activity, ¢/m ppm Average
VM-1 0-8265 81,803 300
1-2381 130,702 320
1-2262 104,748 2:59 283 + 033
1-1202 88,379 239
1:0496 103,640 299
VM-2 0-6162 45,637 228
0-4987 35.012 216
0-5588 30,959 171 204 + 023
04352 30,334 215
0-6747 41,845 1-91
VM3 0-1391 61.621 411
0-1391 60,500 404
0-1391 59,551 3.97
01391 59,985 400 ,
01391 60,187 402 393 4 013
0-1391 57.804 3-86
01391 56,764 379
01391 56,789 379
01391 56,379 376
VM-4 0-0585 50,010 227
0-0585 51,489 234
0-0585 51,955 236
0-0585 45.075 205 223 £ 011
0-0585 47,766 217
0-0585 48,964 222
IM-4 0-1031 20,580 45-0
0-1002 19,699 44-3
0-1077 19,669 411
01032 18.773 410
01066 18,513 478
01063 18,953 491 439 29
01116 17,385 438
0-1030 16.563 453
01033 13,259 388
02011 14,353 432
YM-3 01105 125,055 662
01105 124,639 6-60
01105 122,161 647
01105 128,453 6-80 651 4 022
01105 115,881 614

0-1105 121,309 6-42




10 hr at 8 x
of copper.

The copper determination can be completed within 0-5-1 hr after the end of the
The reproductibility is generally better than 10%,; the higher standard
deviations of the results of the analysis in Table V are rather produced by inhomo-

irradiation.

Neutron-activation analysis of copper in lead

10" neutrons . cm—2 . sec™! should permit the determination of 0-005 ug

genities of the copper in the lead-metal samples.

The proposed method can be associated with a y-spectrometric determination of
arsenic and antimony in the aqueous layer, using a technique previously presented.!?

Acknowledgments—Thanks are due to Mrs. Van Audenaerde-Vantorre for technical assistance and

to the “‘Interuniversitair Instituut voor Kernwetenschappen’’ for financial support.

Zusammenfassung—Submikrogrammengen Kupfer in Bleiproben
wurden durch Neutronenaktivierungsanalyse bestimmt. Kupfer wurde
durch Extraktion mit 2,2’-Dichinolyl (Cuproin) in Isoamylalkohol
abgetrennt. Keine Neben- und Spurenbestandteile der Bleiproben
storen bei den Kupferbestimmungen.

Résumé—On dose, dans des échantillons de plomb, des quantitiés de
cuivre inférieures au microgramme au moyen de I'analyse par acti-
vation de neutrons. La séparation du cuivre a été réalisée par ex-
traction au 2,2’-diquinolyle (cuproine) en alcool isoamylique. Les
constituants secondaires que peuvent renfermer les échantillons de
plomb n’interférent pas dans les dosages du cuivre.
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Summary—The polarography of the aquo and chloride species of

rhodium(I1I) has been investigated. The aquo complex was prepared

by fuming in perchloric acid, and the various chloride complexes

were prepared by heating in the presence of chloride ion. In all cases,

polarography gave irreversible diffusion controlled waves. It is

essential that the solution constituents be carefully reproduced for

analytical polarography, and that the solutions be stabilised by heating,

because equilibrium is established very slowly at room temperature.

Mercury cathode electrolysis at a controlled potential showed that the

polarographic reduction step involved 3 electrons. This is used as the

basis of a coulometric determination of 1-5- to 15-mg amounts of

rhodium in 0-2-0-4M chioride electrolyte at a potential of —0-2V

vs. SCE.

INTRODUCTION

THERE- have been various papers concerned with the direct current polarography of
thodium(IIl) in aqueous media. The behaviours of NazRhCl,! RhCl** and
[Rh(NH,);CD]Cl,® have been studied in a variety of non-complexing electrolytes and,
in addition, ammonia,’ bromide,® chloride,! cya.nide,"" EDTA,?2 fluoride,’-* oxalate,?
y-picoline,!® pyridine,57:1%1 thiocyanate®?1* and thiourea® have been employed as
complexing electrolytes. In these latter cases the complex was generally formed by
warming a stock solution of NazRhCl, or RhCl; with the electrolyte, but in some cases
the solution was not warmed and it is difficult to judge the nature of the species
actually present on polarography.

It was found possible to have a number of different rhodium(IIlI) species simul-
taneously present. For example, two waves could be obtained with y-picoline and
pyridine electrolytes!? if the reaction was incomplete. The first wave was characteristic
of NagRhClq itself, while the second, more negative wave resulted from the reduction
of a new complex species. With these complexing agents acid solutions could not be
employed, because under such conditions the chloride complex decomposed with
difficulty. With oxalate? two different species could also be obtained. It was postulated
that NagRhCl,; was first converted to a Rh(Cy0,),~ complex, but prolonged heating
gave a Rh(C,0,);*>~ complex with a more negative half-wave potential.

Of the species investigated, the chloride complex is reduced at the most positive
potentials. Cozzi and Pantani' observed that the polarographic wave was complex,
and distinguished two composite parts in this case, and also with the bromide® and
thiocyanate'® complexes. The first part of the composite wave with bromide was
found to be markedly affected by the presence of surface active agents in the solution.
This suggests that it is probably an adsorption pre-wave.

The number of electrons involved in the reduction steps has been determined,
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generally by coulometry, but sometimes by analogy with the polarographic waves
obtained with other complexes, usually those of cobalt(III). In general, the reduction
proceeds to the metal but there are conflicting claims. In some cases intermediate
rhodium(I) and rhodium(II) oxidation states are indicated as products of the electrode
reaction, and in the case of fluoride® a two-step reduction has been reported. In the
cases of y-picoline and pyridine, a partial controlled potential reduction at a large
mercury cathode gave a solution with a composite anodic-cathodic polarographic
wave, confirming the existence of a stable intermediate oxidation state.® Plots of
log (ifig — i)) vs. E4,,, indicated that the electrode reaction was irreversible in the
case of the chloride,! y-picoline,'® pyridine,° thiocyanate'? and thiourea'® complexes,
but reversible in the case of the bromide® complex. In spite of this irreversibility,
Cozzi and Pantani’® calculated a set of successive formation constants for the chloride
complexes employing the method of De Ford and Hume 1

Most of these electrolytes gave waves that are analytically useful with the emphasis
on the polarography of “pure” solutions. Of the electrolytes, EDTA® and thiourea'®
have been recommended for the determination of rhodium in the presence of iridium.
Douglas and Magee!® used oscillographic techniques to study the behaviour of a
number of rhodium(III) complexes and developed a procedure for the determination
of rhodium in rhodium-palladium alloys using a thiocyanate electrolyte. Beran and
DoleZal'® have also studied the oscillographic polarography of rhodium(III) in a
hydrochloric acid electrolyte, and they detected a stepwise rhodium reduction ac-
companied by a catalytic hydrogen ion reduction.

Although the polarographic behaviour of a number of complexes has been
reported, no investigation has been carried out into the behaviour of the aquo species
of rhodium(I1I). In addition, there has been no attempt to devise accurate coulo-
metric procedures for the determination of rhodium(IIl). Such coulometric results
as have been reported have been single approximate experiments designed to determine
the value of n in the polarographic step. The present investigation is concerned with
the polarographic and coulometric behaviour of the aquo and chloride species of
rhodium(III).

EXPERIMENTAL AND RESULTS

Polarograms were recorded on a Leeds and Northrup Type E Electrochemograph with the damping
set in the No. 1 position. The cell was a conventional H-type with a saturated calomel electrode.
The polarographic currents reported have been corrected for residual effects by subtraction of the
current found in blank solutions at the same potential. The polarography was carried out at 25-0°
unless otherwise noted.

The controlled potential coulometnc titrations were carried out using an apparatus patterned
after that of Booman.!” The conventional H-type cell had a capacity, V, of 100 cm® and a mercury
surface area, A4, of 16 cm?® The mercury was introduced into the cell by a bottom stopcock and
}evelling bulb. The reference electrode was a Beckman saturated potassium chloride-calomel type

39170)

For the usual analysis, approximately 80 ml of the appropriate base electrolyte were taken, de-
aerated for 15 min and pre-electrolysed. The mercury was withdrawn from the cell, the rhodium
solution was added and the entire electrolyte was de-aerated for an additional 10 min. The mercury
was returned to the cell and the electrolysis was carried out. To keep the residual current as low as
possible, the potential selected for electrolysis was the lowest value safely on the polarographic
limiting current plateau. In calculating the quantity of electricity, Q, required for the rhodium
reduction, a background correction equivalent to the product of the final constant residual current
and time was made.

For a diffusion-controlled electrolysis, the concentration of the reacting substance, C, at any
time 1, is given by

C, = Cye™ (18)
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where C, is the concentration of the reacting substance at + = 0. 1f the reduction is diffusion-
controlled, a plot of —2-303 log,o (1 — Q./Q) against 1 is a straight line with slope of & sec-1.1* All
electrolyses reported in this paper gave such straight line plots, and k values are given.

pH measurements were made using a Cambridge Bench Model pH Meter. The glass electrode
was a Cambridge wide range type (42558) and the reference electrode a Leeds and Northrup saturated
potassium chloride-calomel type (1191-31). The meter was standardised against a saturated potassium
hydrogen tartrate solution prepared according to the directions of the National Bureau of Standards
from their sample 188 (pH 3-56 at 25-0°).

For controlled potential electrolytes and pH measurements in chloride solutions the reference
electrode was used directly, whereas an intermediate bridge containing a 1M sodium nitrate solution
was used with perchlorate-containing electrolytes. For coulometry and polarography involving
chloride solutions, the agar bridge separating the cell compartments was prepared as a gel saturated
in potassium chloride. With perchlorate-containing solutions, a gel 1M in sodium nitrate was
employed. All potentials (V) reported in this paper are relative to the saturated calomel reference
electrode.

Spectra in the visible and ultraviolet regions were recorded using a Bausch and Lomb Spectronic
505 with matched quartz cells of 1- or 10-cm path length. For the mixed aquo-chloride complexes,
the estimates of average composition were taken from the results of Wolsey, Reynolds and Klein-
berg.?® The red RhCl*~ species gives spectrophotometric peaks at 519 and 410 mu, the yellow
Rh(H;0),* species at 393 and 306 mu. Between these are a series of mixed complexes of intermediate
orange colours and with intermediate peak positions.

All chemicals used were reagent-grade. Prepurified nitrogen (less than 20 ppm of oxygen) was
used to displace and exclude oxygen from the solutions for polarography and coulometry.

The standard rhodium solution was prepared from sodium hexachlorhodite, Na,RhCl,, supplied
by Englehard Industries Inc. (Lot XXV-1); 10-0 g of the salt were dissolved in 5 ml of concentrated
hydrochloric acid diluted with double distilled water. The solution was filtered and diluted to a
final volume of 2 litres. The rhodium content was determined by thiobarbituric acid precipitation
according to the method of Currah, McBryde, Cruikshank and Beamish.** Three 10-ml aliquot
portions of the solution gave, after ignition in hydrogen, 12-12, 12:14 and 12-09 mg of rhodium.
Over the six-month experimentation period, no significant variation of coulometric results was noted,
indicating that the rhodium(lII) was stable. As a working solution, the stock solution was diluted
four-fold with double distilled water.

Studies in Perchlorate Media

The existence of the hexa-aquo complex of rhodium(IIl) has been postulated by several
authors.?*-* This complex has been prepared from a Na,RhCl, solutionlll)l)\' repeated precipitations
with sodium hydroxide and dissolution in perchloric acid,™ by dissolving Rh(C10,),-6H,0 in water®
and by boiling Na,RhCls 12H;0 with SM perchloric acid.** In each case the solutions were yellow,
and a Rh(H,0),** species was postulated. Some controversy exists®® over the nature of the species
prepared by boiling Na,RhCl,-12H,0 with 5M perchloric acid, but the interpretation of the spectro-
photometric results reported by these authors can be questioned.

Polarography

Solutions to be polarographed were prepared by fuming aliquot portions of the rhodium solution
with equal volumes of 727; perchloric acid. The samples were fumed to a volume of about 2 ml,
washed down with water and again fumed to the same volume. The resultant solutions were diluted,
and sodium perchlorate was added to the extent of 0-1 mole per litre of final volume. The acidity of
the solutions was adjusted, when necessary, by the addition of a 1M sodium hydroxide solution and
they were then heated on a steam bath for at least 1 hr before cooling and making up to the final
volume of 100 ml. The ionic strength was approximately 0-13M. Spectra of the solutions gave 2
peaks, at 303 myu and 392 my, confirming the existence of the Rh(H;0)4** species.

Polarography gave 2 reduction waves.

Over the pH range 1'5 to 2-7, the first wave had E;;y = —0-38 V and a limiting current (iq)
independent of pH. The electrode process appeared to be diffusion controlled; iy was proportional
to the concentration of rhodium(II1) and to the square root of the height, h, of the mercury column
(Table ). The temperature coefficient of iq was +1-6 9, per degree (0-32°). The wave was irreversible;
a plot of Eqme vs. —log [i/(ia — i)] gave a straight line of slope 112 mV and E,;, had a temperature
coefficient of +3-7 mV per degree (0-32°). Above pH 2-9, E,;; became more negative and i5 decreased.
This effect can be attributed to hydrolysis.?®

At a more negative potential, the second wave occurred with a pronounced maximum. The usual
suppressors—Methyl Red, gelatin and Triton X-100—had little effect. With a 0-147 mM rhodium(111)
solution, E,/, was approximately —0-72 V; it became more positive with increasing temperature,

4
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TABLE I
Cra(111), ias . i, .
mM puamp ia/C pamp ia/C

0-13M Perchiorate (i3 and t measured at —0-6 V)
at i, at hy at h, at h,

00263 026 98, 023 87,  mean —% _— 038
00525 051 97, 045 8-5, Chy1/2

0-105 1-00 95, 089 84, i

0-300 2:80 9.3, 2:52 84,  mean—%_ = 038
0-420 3-85 91, 353 84, Chyl 2

0-588 539 91, 477 81,

0:1M Chloride (ig and ¢t measured at —0-3 V)
at h, at h, at A, at hy

00188 019 10-3 017 92, ia
00376  0-38 10:3 035 91,  mean ms = 0-42
0105 110 104 1-03 9-8, !

0-300 316 10-5 282 9-4, ;

0420 435 10-3 3-86 91, mean ——— = 042
0-588 606 103 538 91, Chs1/2

0-4M Chloride (iq and t measured at —0-3 V)
at Ay at Ay

0-0294 0-34 11-5
0117 1-33 11-4 15 min after dilution
0-294 3:50 119

0-0294 0-32 111
0-117 1-27 109 24 hr after dilution
0-294 3-35 11-

0-294 325 11-0 diluted and heated for 1 hr

6M Chloride (iy and r measured at —0-4 V)
at hy at h,

0-0294 0-29 99,

0117 1-13 9-6;

0-294 293 99,

Capillary Characteristics

Capillary (1) hy eff = 62-1cm m, = 2:021 mg/sec
hyeff = 50-:3cm my = 1-623 mg/sec
0-13M perchiorate t, = 44, sec ty = 5-4; sec
0-1M chioride t, = 42, sec ty = 52, sec

Capillary (2) hy eff = 62:0cm
0-4M chloride ty = 3-5, sec
6M chloride 1y = 33, sec

but also more negative with increasing rhodium(III) concentration. The electrode process was not
diffusion controlled; the limiting current oould only be approximately measured as the minimum
before the discharge of the supporting electrolyte but it showed little variation with & and it had a
temperature cocfficient of —2-7% per degree (0-32°). The wave height was dependent on both the
concentration of rhodium and the acidity of the solution (Fig. 1).

Additional experiments were performed using Rh(H,0),** prepared by a second method. A
portion of the working solution was taken and the rhodium(IIl) was precipitated using a sodium
hydroxide solution. The precipitate was washed once with water and taken up in 50 ml of perchloric
acid solution of pH 1-3. The resulting polarogram was similar to those from fumed samples, except
that a. prewave representing about 5% of the total wave height occurred with E,/, near0 V. This
may be attributed to a chloride complex (ref. 22, yide infra) which was not completely destroyed by
the single precipitation.
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Controlled potential electrolysis

Samples of working solution were fumed with 10 ml of 72%; perchloric acid to a volume of 5 mi,
washed down and fumed again to the same volume. This solution was added to a pre-electrolysed
0-1M sodium perchlorate base electrolyte for coulometry at —0-55 V. For two samples the pH of
the fumed solution and of the base electrolyte was adjusted to a value of 21 + 0-1 before electrolysis
(k = 0-05 sec™'). For two other samples the fumed solution was used with no prior reduction of
acidity (k = 0-14 sec™). Assuming a 3-electron reduction, the resuits are in fair agreement with the
rhodium taken (Table II).

TABLE II
Background, Rh taken, Rh found,
Reduction mamp mg mg
Perchlorate medium, 0-6-0-8 7-56 7-52 7-46
pH1
Perchlorate medium, 0-3-04 6-07 600 6-06
pH 2:1
Chloride medium, 0-01-0-04 15-09 15-05
0-2-0-4M 10-59 10060 1055
7-56 7-56 754 7150
7-53 753 7-51
607 6-06 602 606
6:06 608
4-55 4-57
304 3-:04
1-52 1-55 1-55
7-39* 7-40 7-38
Chloride medium, 0-08-0-16 9-08 9-04
6M 7-56 7-53 7-55
6-07 6-05
3-04 303
1-52 1-52
Chloride medium 0-05 7-56 7-56
(after perchlorate 607 6-04
fuming)

& Na,RhCl, solution provided and standardised by Mrs. A. Lee

Studies in Chloride Media

In aqueous solutions containing chloride ions, rhodium(III) exists in a series of complexes with a
general formula of RhCl,(H;0)-,>* where n is 0~6. The distribution of rhodium among the various
species depends on the concentration of chloride ion,!-#9-2* temperature 2% and time.2*:** At room
temperature, equilibrium among the different species is established slowly.

Polarography

6M Hydrochloric acid. In this electrolyte RhCle*~ is the predominant solution constituent.®
Solutions were prepared by heating aliquot portions of rhodium solution with equal volumes of 12M
hydrochloric acid on the steam-bath for about 2 hr, followed by cooling and dilution with 6M
hydrochloric acid. The resulting solutions were red in colour, and gave spectrophotometric peaks
at 519 and 410 my confirming the existence of the RhClg*- species.®®** The positions of the peaks
did not shift over a period of at least 4 weeks.

Polarography of these solutions gave one composite wave as reported by Cozzi and Pantani.!
The behaviour did not correspond to the existence of an intermediate oxidation state, because the
ratio of component heights was variable; neither does it result from the existence of two species,
for RhCl¢*- is the only significant contribution. Plots of Eame vs. —log [i/(ia — 1)] gave two inter-
secting straight lines, the first of slope 170 mV, the second of slope 57 mV. Assuming n = 3 for the
over-all reduction, both parts of the wave are thus irreversible. The second line extrapolated to
—log [i/(i; — )] = O gave an arbitrary E,/ = —0-26 V. The limiting currents (Table I) were
proportional to the concentration of rhodium(ITI).

0-4M Chloride. At chloride ion concentrations less than 6M, there is a replacement of chloride
ion by water, and the rhodium exists in a series of mixed complexes.1:*%:2¢ Aliquot portions of rhodium
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solution were evaporated with hg;drochloric acid as before to a volume of 5 ml, and were then diluted
to 100 ml with 0-1M sodium chloride to give a final chloride ion concentration of 0-4M. (These
conditions were similar to those used for much of the coulometry, vide infra.) Within 2 min after
dilution, a spectrum was recorded which showed peaks at 509 and 406 my, indicating that some
exchange of water for chloride had already occurred. The peaks continued to shift at a decreasing
rate over a period of 2 weeks. After this time the peaks were at 481 mu and 379 my, indicating an
average constituent composition of approximately RhCl,.((H4O),.s>*~. Polarography of these
solutions was done 15 min after dilution, and repeated 24 hr later (Table I). In each case, the limiting
current was proportional to the concentration of rhodium. During the 24-hr time interval ia/C
decreased and E,, shifted by about 30 mV to a more negative value. These shifts suggest that re-
placement of chloride by water gives a species more difficult to reduce and with a lower diffusion
coefficient. This is in contrast to the long term behaviour reported by Simpson, Evans and Saroff.*

It was found that the final spectrophotometric equilibrium behaviour could be achieved by heating
the freshly diluted rhodium solution for 1 hr at 100° and cooling. These solutions were then polaro-
graphed (Table I).

0-1M Chloride. The polarography was also investigated under conditions comparable to the
acidities and ionic strengths used in the investigation of the aquo species. Aliquot portions of the
rhodium working solution were diluted with suitable volumes of 0-1M sodium chloride solution.
The acidity was then adjusted using 1M hydrochloric acid or 1M sodium hydroxide reagent. The
solutions were heated on a steam-bath for at least 1 hr, cooled and adjusted to volume. The pH was
measured before polarography. Spectra showed peaks at 473 and 373 my, indicating an over-all
constituent composition of approximately RhCl,(Q:.O),. This spectrum did not change over a
2-week period.

Polarography gave 2 reduction waves.

The first wave was a composite of two waves. When —log [i/(ia — 1)] was plotted against Eqme,
two intersecting straight lines were again obtained with slopes of 187 mV and 87 mV respectively.
An arbitrary E,/; = —0-07 V was found as before. A temperature coefficient of +3-5mV per
degree (0-32°) indicated an irreversible reaction.

Over the pH range 1-3-3-8 the limiting current was independent of pH. The electrode process
appeared to be diffusion controlled; iq was again proportional to the concentration of rhodium(III)
and to the square root of the height of the mercury column (Table I). The temperature coefficient
of ig was +1-6%; per degree (0-32°). Above pH 39, iq decreased with time, indicating hydrolysis.
For rhodium concentrations greater than 0-214mM, it was necessary to add 0-001 %, Triton X-100
to suppress a maximum.

As was found in perchlorate media, a second-wave occurred, with a maximum which was un-
affected by the usual suppressors (Fig. 1). E,/, was approximately —1-00 V.

Controlled potential electrolysis

Controlled potential reductions were carried out in 0-2-0-4M chloride and 6M hydrochloric
acid media. For coulometry in both media, aliquot portions of rhodium working solution were
heated on a steam-bath together, with 2-5 ml of concentrated hydrochloric acid, to a red solution of
final volume 2-5 ml.

6M Hydrochloric acid. In this base electrolyte RhCl¢*- is the predominant species throughout
the electrolysis. The rhodium solution was added to a pre-electrolysed 6M hydrochloric acid base
electrolyte for electrolysis at —0-37 V (k = 0-12 sec™!). The results are consistent with a 3-electron
process and are calculated on that basis (Table II).

0-2-0-4M Chloride. Spectra showed that in this medium the average solution constituent varied
over the time of electrolysis from RhCl*~ at the beginning to approximately RhCl,(H;0),'~ 90 min
later. A base electrolyte of 0-1M sodium chloride solution was used, giving a total chloride ion con-
centration of 0-22-0-40M, depending on the volume of the added rhodium-hydrochloric acid solution.
The potential for electrolysis was —0-2 V (k = 0-05 sec™?), The background current was significantly
less than that in 6M hydrochloric acid, and the results are again consistent with a 3-electron process
(Table II).

Conversion of the aquo complex to a chloride complex. Aliquot portions of rhodium solution were
fumed in perchloric acid as previously described, diluted to 75 ml and heated on a steam-bath for
several hours with a large excess of sodium chloride. Coulometry at —0-2 V showed about 757 of
the rhodium(III) in the easily reduced chloride form.

On the other hand, fumed samples were similarly diluted but their acidity was adjusted to
approximately 2:5 with 1M sodium hydroxide solution before the excess of chloride was added.
After 2-3 hr heating, the yellow solution had become pink. Coulometry of these solutions was
quantitative (Table II).
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CONCLUSIONS

For both the aquo and chloride complexes, polarographic waves were found
corresponding to the irreversible reduction of rhodium(III) to the metal. In addition,
in solutions of low acidity, a second reduction wave was observable. This second
wave was not observable in more acid solutions because of the prior discharge of the
supporting electrolyte. It was found that the reduction of the various rhodium(I11)
chloride species occurred at more positive potentials than that of the rhodium(Iil)
aquo species. A similar behaviour has been noted by Kolthoff and Lingane? in the
polarographic reduction of the chloro and aquo complexes of cobalt (II) and nickel(II).

With the rhodium(III), exchanges of chloride ions and water molecules occurred
only slowly at room temperature in acid solutions. The chloride complexes are inert,
yet only one polarographic wave resulted in systems where the rhodium(III) must
have been distributed amongst a number of complexes. A possible explanation is
that values of E, ;, characteristic of the various inert complexes are so close together
that only one polarographic wave is apparent. There is a claim! that increased
chloride concentration shifts E,,, to more negative values, as would be expected for
a reversible reduction in a labile system. However, our polarography in 0-4M
hydrochloric acid suggests that the opposite is true, because replacement of chloride
ion by water on standing gave the opposite effect, i.e., the E,, of the rhodium(I11)
became more negative. (The E,,, of the wave in 6M hydrochloric acid cannot be
directly compared with that in less concentrated chloride media because of the greatly
differing ionic strengths.) Effects similar to ours have been noted in thiocyanate
media.® In any case, because of the wide variation in behaviour of the different
rhodium(III) species, analytical polarography can only be done when strict attention
is paid to reproducing the solution constituents and to stabilising the system by
heating.

The number of electrons involved in the reduction of both the chloro and aquo
species is 3. It was found that quantitative reduction of the rhodium(III) could be
carried out with 1009, current efficiency on a mercury cathode. McBryde, Graham
and Ott*® also studied the deposition of rhodium at a controlled potential, but using
a platinum cathode and procedures based on the work of McNevin and Tuthill.2®
In acid solutions they found that hydrogen was evolved simultaneously with the
deposition of rhodium. This was eliminated in solutions buffered at pH 4, but in all
cases the rhodium deposit was contaminated with oxide and it was necessary to reduce
itin hydrogen for weighing. The coulometry reported here was done in acid solutions
using a mercury cathode with its accompanying high hydrogen overpotential.

The coulometry in perchlorate media is not suitable for quantitative work because
of the large background corrections. Of the two methods in chloride media, coulom-
etry in 0-2-0-4M chloride gives the smaller background corrections. In contrast to
polarography, it is not essential to have a reproducible distribution of rhodium
among the chloride complexes. The method is only applicable in the absence of
interfering elements; the analysis would not be directly applicable to rhodium in the
presence of the other platinum metals.
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Zusammenfassung—Die Polarographie der Aquo- und Chlorid-
komplexe von Rhodium(III) wurde untersucht. Der Aquokomplex
wurde durch Abrauchen mit Uberchlorsdure hergestellt, die Chlorid-
komplexe durch Erhitzen in Gegenwart von Chlorid. In allen Fillen
ergaben sich irreversible diffusionskontrollierte polarographische
Stufen. Wesentlich ist, daB zur analytischen Polarographie die
Bestandteile der Losung sorgfiltig reproduziert werden und da8 die
Losungen durch Erhitzen stabilisiert werden, da sich bei Zimmer-
temperatur das Gleichgewicht nur sehr langsam einstellt. Elektrolyse
bei kontrollierter Spannung an einer Quecksilberkathode zeigte, dad
der polarographische Reduktionsschritt 3 Elektronen einschlieBt.
Dies wurde zur Grundlage einer coulometrischen Bestimmung von
1,5-15 mg Rhodium in einer 0,2-0,4 m Chloridlésung bei —0,2V
gegen die gesittigte Kalomeellektrode gemacht.

Résumé—On a étudié la polarographie des espéces aquo et chlorure
du rhodium (III). Le complexe aquo a été préparé au moyen d’acide
perchlorique et les divers complexes chlorés ont été préparés par
chauffage en présence d’ion chlore. Dans tous les cas, la polarographie
donne des vagues de diffusion contrlées irréversibles. Il est essentiel
de reproduire soigneusement les constituants de la solution pour la
polarographie analytique et de stabiliser les solutions par chauffage,
car I'équilibre s’établit trés lentement a la température ambiante.
L’électrolyse avec cathode de mercure & potenticl contrdlé montre
que le degré de réduction polarographique met en jeu 3 électrons. On
utilise ce fait comme base d’un dosage coulométrique de 1,5 & 15 mg
de rhodium dans un électrolyte 0,2 4 0,4 M en chlorure, a un potentiel
de —0,2 V par rapport & I’électrode étalon.
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DETERMINATION OF COBALT IN COBALT-DOPED
SODIUM CHLORIDE CRYSTALS
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Summary—Cobalt in low concentrations in single crystals, grown
from sodium chloride melts containing cobalt chloride, is rapidly
determined, without destroying the crystals, by measuring the absorb-
ance of the 215-mu band. The lower limit for measurement of cobalt
by this method is about 10" cobalt ions/cc for a crystal piece 1 cm
thick. The molar extinction coefficient of the 215-mg absorption band
in the crystals is about 7000. Single-sweep polarography is used to
calibrate the absorbance by determining the concentration of cobalt
in solutions prepared from the cobalt-doped sodium chloric crystals.
Cobalt can be determined in sodium chloride solution (0-05g of
NaCl/ml) in concentrations as low as 5 x 10-° g/ml by single-sweep
polarography. This corresponds to 2 x 10 cobalt ions/cc of crystal.

INTRODUCTION

BecAusk of the interest in the formation of colour centres in alkali-halide crystals
containing bivalent cations of the first transition series, a method for the non-destruc-
tive determination of the cobalt content of cobalt-doped sodium chloride single crys-
tals has been developed. The determination is made by relating the optical absorbance
of cobalt to the concentration of cobalt in the crystals. The strong absorption band
at 215 my in these crystals! was used, because the absorption bands which have been
reported? in the visible region are extremely weak (only heavily doped, turbid crystals
exhibit them). Because of its extreme sensitivity, single-sweep polarography was used
for the determination of cobalt in solutions prepared from the crystals and the absorp-
tion method was calibrated with this polarographic method.

EXPERIMENTAL

Crystals

Cobalt-doped sodium chloride single crystals were grown in a helium atmosphere by the Kyro-
poulos technique. In general, reagent-grade materials were used, although in some cases the cobalt(II)
chloride was prepared from recrystallised hexa-aquocobalt(II) chloride. The melts, which initially
contained mole fraction of cobalt ions between 5 x 10-% and 1 x 10-%, were stirred for 1 hr, then
the crystals were pulled from the melt at 10 mm/hr. When the growth was complete, the crystals
were cooled to room temperature in a helium atmosphere.

Absorbance measurements

The absorption spectra of pieces cleaved perpendicular to the axis of the boule were measured at
room temperature with a Cary Model 11 spectrophotometer. A few measurements were made at
liquid nitrogen temperature using a Beckman DK-2 spectrophotometer equipped with a special
stainless-steel Dewar vessel having quartz windows. All crystals used in this work were free from
turbidity.

Polarographic measurements

The concentration of cobalt in the crystals was determined polarographically using solutions pre-
pared from the crystals. The polarograms were obtained with a Davis Differential Cathode-Ray
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Polarotrace in conjunction with a Moseley x-y recorder. The start potential of the Polarotrace was
set at —1-20 V and the cobalt peak was measured at about —1-45 V vs. a mercury pool. The solutions
used to obtain a working curve were prepared from single-crystalline sodium chloride and a 10 ppm
solution of cobalt(II) ions. The cobalt solution was prepared by diluting a standard cobalt(II)
sulphate solution obtained from Southwestern Analytical Chemicals, Austin, Texas, U.S.A. 0-5-g
samplm were cleaved from crystal pieces whose absorption spectra had been measured and dissolved
in enough water to yield 10 ml of solution. Distilled water which had been passed through an ion-
exchange column was used in the preparation of all solutions.

RESULTS AND DISCUSSION
In cathode-ray polarography the reduction of cobalt is not completely reversible®
and hence at low concentrations the wave is not normally well defined. The use of the

slope compensating circuit of the Davis polarograph resulted in much better resolution
and more accurate measurement of the cobalt peak (Fig. 1). The relationship between

CURRENT

1 1 1 |
~1.20 -1.40 -1.60
VOLTAGE

Fic. 1—Single-sweep polarograms of a 0-05 ppm solution of cobalt(II) ions (0-05 g of
NaCl/ml supporting electrolyte):—

Curve A: without slope compensation.
Curve B: with slope compensation.

the peak height of the polarograms and the cobalt concentration is linear throughout
the range of the study (5-0 x 107 to 5-0 X 10~® g/ml); typical values are shown in
Table I. A plot of peak height vs. concentration gives a straight line passing through
the origin, which shows that the sodium chloride used to make up the standard solu-
tions contained no measurable amount of cobalt. The effect of the sodium chloride
concentration on the height of the cobalt peak was investigated using solutions con-
taining approximately 0-045 and 0-055 g of sodium chloride/ml. This variation in
sodium chloride concentration had no effect on-the peak heights. The reproducibility
of the polarographic analysis’ of duplicate samples of known cobalt concentration
indicated that the method is precise to +109%, of the amount of cobalt present. It is
estimated that cobalt can be determined at concentrations as low as 5 x 10~° g/ml,
which corresponds to 2 X 105 cobalt-ions/cc of crystal in this work.

A typical absorption spectrum of a cobalt-doped sodium chloride crystal is shown
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TaBLE I—COBALT CONCENTRATION v5. PEAK HEIGHT IN 0-5M NaCl sOLUTION

Cobalt (Cot* x 1078 g/ml) Peak Height (i,, divisions*)

5-0 65
10-0 130
200 270
30-0 390
40-0 510

* Measured on 10 x 10 to the 0-5-in. graph paper. Instrument
settings are SSF = X10-1, ASF = Xl, slope comp. = 30
and cond. comp. = 1/4.

2.0

ABSORBANCE

0.0 1 4
200 250 300 350 400

WAVELENGTH, my

Fi1G. 2—Absorption spectra measured at room temperature:—

Curve A: cobalt-doped sodium chloride, sample thickness 3-40 mm.
Curve B: nickel-doped sodium chloride, sample thickness 6-66 mm.

in Fig. 2, Curve A. The crystal has a strong absorption band at 215 my with a shoulder
at about 245 mu. Measurement of the spectrum at liquid nitrogen temperature
resulted in the resolution of the shoulder into a separate band at about 240 mu with
no appreciable shift in the position of the 215-mu band. The incorporation of nickel
into sodium chloride crystals gives rise to a band at about 242 mu,* whose absorption
does not fall off to zero at 215 mu. It was, therefore, necessary to determine, before
using the 215-mu band for analytical purposes, whether the shoulder in the spectrum
of cobalt-doped sodium chioride was caused by a nickel impurity. The shape of the
band in nickel-doped sodium chloride is shown in Fig. 2, Curve B. A polarographic

* Kats* rted the value 246 my.
repol
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determination of nickel showed that the nickel content of the cobalt-doped crystals is
about the same as that of undoped crystals. Further, the nickel content of the cobalt-
doped sodium chloride crystal, whose spectrum is shown by Curve A of Fig. 2, is only
about one-tenth that of the nickel-doped crystal whose spectrum is shown by Curve B,
although the absorption coefficient of the shoulder in Curve A is greater than that of
the band in Curve B. The concentration of nickel in the cobalt-doped sodium chloride
crystals is insufficient, therefore, to produce the 245-myu shoulder.

Jain and Parashar’ noted a marked dependence of the shape and perhaps height

S g -
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FiG. 3—Proportionality between 215-mu band intensity and cobalt
concentration in cobalt-doped sodium chloride.

of the 215-mu band upon the thermal treatment of the crystals. We found only a
slight dependence, if any, upon thermal history. Because the visible spectrum of some
of the doped crystals reported on by Jain and Parashar shows absorption bands, at
least some of their crystals contained more cobalt than the ones investigated in this
study. Possibly the difference in behaviour upon thermal treatment is a result of a
difference in cobalt concentration. It is also interesting that no 245-mu shoulder is
discernible in their spectra. We found that in heavily doped, turbid crystals the 245-mu
shoulder has a tendency to merge with the 215-myu peak as the cobalt concentration
rises.

The absorbance per centimeter of the 215-mu band as a function of the polaro-
graphically determined cobalt concentration is shown in Fig. 3. The absorbance of
the band was taken as the difference between the absorbance measured at 215 mu and
at 400 my for a given crystal piece. The molar extinction coefficient of the 215-mu
band as calculated from the straight line of Fig. 3 is about 7000. The lower limit for
the detection of cobalt in cobalt-doped sodium chloride crystals by optical means is
about 1016 cobalt ions/cc for a crystal piece 1 cm thick.

Acknowledgment—We wish to thank Mr. E, J. Dibble for assistance in growing the crystals.

Zusammenfassung—Die starke Absorptionsbande bei 21Smy in
Einkristallen aus Kobaltchlorid enthaltenden Natriumchloridsch-
melzen gestattet, schnell geringe Kobaltkonzentrationen in den
Kristallen zu bestimmen, ohne sie zu zerstéren. Die untere Grenze
fiir diese Kobaltbestimmungsmethode ist etwa 10** Kobaltionen pro
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cm? fiir 1 cm dicke Kristalle, Der molare Extinktionskoeffizient der
215 mu-Bande in NaCl:Co-Kristallen ist etwa 7000. Durch “single
sweep”’-Polarographie wurde Kobalt in den Losungen aus NaCl:Co-
Kristallen bestimmt. Kobalt kann in Natriumchloridlésungen (0,05 g
NaCl/ml) in Mengen bis herunter zu 5 x 10-° g/ml bestimmt werden.
Das entspricht 2 - 10'* Kobaltionen pro cm® Kristall.

Résumé—La forte bande d’absorption apparaissant 4 215 myu dans
les cristaux uniques développés A partir d’'une masse fondue de chlorure
de sodium contenant du chlorure de cobalt offre un moyen de dosage
rapide de faibles concentrations de cobalt dans les cristaux, sans
destruction de ceux-ci. La limite inférieure de dosage du cobalt par
cette méthode est d’environ 10 ions cobalt/cc pour un cristal d’un
cm d’épaisseur. Dans les cristaux NaCl:Co, le coefficient d’absorption
molaire de la bande 215 my est d’environ 7000. On a utilisé la polaro-
graphie pour déterminer la concentration du cobalt dans des solutions
préparées A partir de cristaux NaCl:Co. On peut doser le cobalt
dans des solutions de chlorure de sodium (0,05g NaCl/ml) & des
concentrations aussi faibles que 5 x 10-* g/ml. Ceci correspond a
2 x 10" jons cobalt/cc de cristal.
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ANALYTICAL APPLICATIONS OF CACOTHELINE—II*

DETERMINATION OF THE FORMAL REDOX POTENTIAL OF THE
CACOTHELINE-REDUCED CACOTHELINE COUPLE
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Summary—An improved method is described for the preparation of
cacotheline in a high degree of purity. Using this material, the formal
redox potential of the cacotheline-reduced cacotheline couple in 1-6F
hydrochloric acid media has been determined by three different
methods.

CACOTHELINE appears to have been used as a redox indicator as early as 1894 by
Borgmann! in the titrimetric determination of tin(II) with an alcoholic solution of
iodine. Kuchment and Gengrinovich? employed cacotheline as an internal indicator
in the titration of iron(III) chloride in boiling 2M hydrochloric acid solution with
tin(II) chloride solution. Cacotheline has been used as a redox indicator by various
workers and some of the uses have been summarised by Lang.® Syrokomskii and
Silaeva? titrated titanium(III) in acid solution with cerium(IV) sulphate solution,
adding cacotheline towards the close of the titration to serve as indicator. Sierra and
Monllor® employed cacotheline as an indicator in the titration of iron(IIl) with a
standard solution of thiosulphate at the boiling temperature using copper sulphate as
catalyst. The same investigators® employed cacotheline and thiosulphate in the titra-
tion of copper(Il) at the boiling temperature using zinc sulphate as catalyst and a
mixture of thiocyanate-oxalate to prevent the formation of a precipitate. Also, they
extended the use of the indicator to the titrimetric determination with sodium thio-
sulphate of iron(IIl) and copper(Il) when present in mixtures. Wehber® suggested
the use of cacotheline as an indicator to detect the excess of tin(II) chloride added for
the reduction of iron(Ill). Dichromate solution is then added carefully until the
colour changes to yellow or greenish-yellow. The iron(II) formed by reduction is
finally titrated with dichromate solution using sodium diphenylamine sulphonate as
indicator. Hume and Kolthoff® made a similar use of cacotheline in the reduction of
iron(1Il) with tin(I) chloride before titration with cerium(IV) sulphate. Wehber,
Johannsen and Heydecke'® proposed the use of cacotheline and N-methyldiphenyl-
amine sulphonic acid in the differential titration of titanium(III) and iron(II), re-
spectively, in mixtures. Szarvas and Lantos!' employed cacotheline as a redox
indicator in the titration of iron(II), chromium(VI), cerium(IV) or vanadium(V)
with tin(II) chloride solution. They have used cacotheline and diphenylamine as
redox indicators in the stannometric differential determination of iron(II) and
* Part I: Talanta, 1958, 1, 169,
243
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chromium(V1) or iron(III) and vanadium(V) in mixtures. Recently, Mitsuokibokul®
titrated tin(II) chloride with hexacyanoferrate(IIl) in the presence of Na,P,0, or
NagP;0, at pH 11-12-5, using cacotheline as indicator.

In view of the importance of cacotheline as a redox indicator, systematic work on
its analytical applichtions was started in this laboratory in 1955. During 1955-57 the
formal redox potential of cacotheline was determined under varying acid conditions.!8
Cacotheline was used as a redox indicator in the titration of (a) iron(III), hexacyano-
ferrate(1II) and chromium(VI) with titanium(III) chloride, (b) vanadium(V), chromium
(VI), hexacyanoferrate(IIl) and iodine by tin(II) chloride.’® Since this work was
completed, Szarvas and Lantos' have published some data concerning the redox
potential of the cacotheline system. However, neither the earlier Indian work!® nor
the recent work of the Hungarian investigators'® specified the purity of the cacotheline
employed. During the last two years the present authors have succeeded in obtaining
cacotheline in a high degree of purity (99-99-5%). Therefore, it was considered
worthwhile to present the data on the formal redox potential of cacotheline obtained
by us using a pure sample of the indicator. Moreover, the methods used for deter-
mination of the formal redox potential in the present work are different from that
of the Hungarian workers, who employed spectrophotometric measurements.

EXPERIMENTAL

Improved Method for Preparation of High Purity Cacotheline

A typical method of preparation of cacotheline is as described by Leuchs, Osterburg and Kachrn.**
The red solution obtained by dissolving 39 g of dry brucine in 200 ml of 5M nitric acid is heated for
15 min at 50-60°, dungf' which time crystals s?ante. The flask is then kept in ice for 1 hr, after
which the crystals are filtered off by suction and washed with 1M nitric acid, acetone and ether in
succession. The yield of cacotheline is reported as 4345 g, i.e., 86-89% of the theoretical yield.
Four samples Erepared by the present authors according to the above instructions assayed* 83-8, 84-1,
84-3 and 84-67; pure, respectively. The decomposition temperature of the samples averaged 235°.
The last three samples, when dried on an air-oven at 110° for 6 hr, assayed 94-7, 95-2 and 95-5%, pure,

ively.

Attempyts have been made by us to obtain a sample of cacotheline of higher purity by varying the
conditions of treatment of brucine with nitric acid, such as concentration of nitric acid, time and
temperature of heating, erc. Ultimately, it was found that the following procedure yields cacotheline
of 99-99-5 9 purity. Ten g of dry brucine are dissolved at room temperature in 75 ml of 3-5M nitric
acid, prepared from analytical reagent grade nitric acid at room temperature, and the mixture heated
on a water-bath for 2 hr, with occasional stirring. It is then cooled to room temperature and kept
in an ice-bath for 3 hr. The crystals of cacotheline are filtered off on a Buchner funnel under suction,
washed with 100 ml of water, then with 15 ml of acetone and finally with 30 ml of ether. The product
is dried in air for 3 hr and for 6 hr in an air-oven at 110°. The yield is 9 g of cacotheline (decom-
position temperature of 259°).

Determination of Formal Redox Potertials of the Cacotheline-Reduced Cacotheline Couple
in 1-6Ft Hydrochloric Acid Media}
Reagents

0-005M Cacotheline solution. Prepared by weighing out the pure solid and dissolving in water.
The solution was standardised by electrometric titration with tin (II) chloride solution in an inert
atmosphere. '

* By potentiometric titration with tin(II) chloride in a medium of 4M hydrochloric acid and
under an atmosphere of carbon dioxide.

1 If the concentration of hydrochloric acid exceeds 6F, then the tin{II) chloride used in all three
methods reduces the cacotheline irreversibly.

1 Potential measurements in sulphuric acid media are in progress and will be reported in due
course.
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Fig. 1.—Potentiometric titration of cacotheline with tin(II) at different hydrochloric
acid concentrations:

A-A 05F,
B-B 1-0F,
C-C 20F,
D-D 3.0F,
E-E 4F.

0-1N Tin(1l) chloride solution. Prepared by dissolving analytically pure tin in analytical reagent
grade hydrochloric acid in the hot and suitably diluting with boiled water. The solution was preserved
in an inert atmosphere and delivered through an automatic burette. It was standardised by titration
with a standard solution of potassium iodate using starch as indicator.1®

0-1N Cerium(IV) sulphate solution. Prepared from B.D.H. analytical reagent grade cerium{IV)
sulphate and standardised against sodium oxalate potentiometrically.

Procedure

Three different methods were employed for determination of the formal redox potentials.
Method A. This method is similar to that used by Conant and Fieser!* for determination of the

5
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redox potentials of several quinones, except that tin(Il) chloride was employed as the titrant in
place of titanium(iIT) chloride because the latter reduces cacotheline irreversibly. From the poten-
tiometric titration curves of cacotheline with tin(II) chloride at various acidities the formal redox
potentials are evaluated. Typical potentiometric titration curves at five different acidities are given
in Fig. 1.

Meihod B. Fifty ml of cacotheline solution are reduced at a given acidity with a calculated volume
of tin(Il) chloride solution which is just enough to reduce the cacotheline and the mixture dituted

OO
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Fic. 2.—Potentiometric titration of a mixture of tin(II) and reduced cacotheline with
cerium(IV) suiphate.

with hydrochloric acid or water as desired to 100 ml. The concentration of reduced cacotheline
solution was 0-002449M. Fifty ml of this solution’ were mixed with 50 ml of 0-002449M cacotheline
solution. Using this mixture with an immersed platinum rod electrode as a half cell and a saturated
calomel electrode as reference half cell, the e.m.f. of the resulting cell is measured in the usual way.
From this value the formal redox potential of the cacotheline system is obtained. Precautions are
taken to exclude air throughout the operations.

Method C. This method is similar to that used by Walden, Hammett and Chapman?’ for deter-
mination of the redox potential of the ferroln-ferriln system. A differential potentiometric titration
of a mixture of tin(Il) chloride and reduced cacotheline is carried out with a standard solution of
cerium(TV) sulphate or potassium dichromate in 1F hydrochloric acid. A typica! differential poten-
tiometric titration curve is given in Fig. 2.
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The formal redox potentials of the cacotheline-reduced cacotheline couple obtained by the three
methods (uncorrected for liquid junction potential) are given in Table I.

TABLE J~—FORMAL REDOX POTENTIALS OF THE CACOTHELINE~
REDUCED CACOTHELINE COUPLE
(TEMPERATURE: 28°)

Formal redox potential (N.H.E), ¥

Hydrochloric acid,
F Method A* Method B® Method C°

0-499 — 0-4631 —
0-548 0-464 — —
0996 — — 0-483
0-996 — 0-482 —
1-030 0-480 — —
1-045 —_— —
1990 _ 0-495¢ —
1:990 0-495¢ — —
2:960 0516 — —
2:990 — 0-513 —_
3926 0-525 — _
3-990 — 0525 —
5000 — 0-534 -

Zpsammenfassung—Eine verbesserte Methode zur Darsteliung
reinen Kakothelins wird beschrieben. Mit diesem Material wurde das
xpotential des Redoxpaars Kakothelin—reduziertes
Kakothelin in 1-6F salzsauren Medien mit drei verschiedenen Meth-

formale Redo

¢ 50ml of 0-004898M cacotheline solution titrated with
tin(I) chloride in an inert atmosphere. This concentration
is used to get good potential breaks at the equivalence
point. The hydrochloric acid concentration given is that
which obtains at the mid-point of the titration curve,
taking into consideration the acid added along with the
tin(I) chloride and the acid used up during chemical

reaction.

® Concentration of cacotheline and reduced cacotheline

both equal to 0-001225M.

@ In the differential titration of tin(IT) and reduced caco-
theline with cerium(IV) sulphate or mtasuum dichromate,

ine was 0-004082M.

2 Szarvas and Lantos’ reported a me of 0515V fora

concentration of reduced cacof
system of hydrogen activity 0-50

® Szarvas and Lantos'* reported a potential of 0-549 V for &

system of hydrogen activity 2:00.

oden bestimmt.

Résumé—On déerit une méthode améliorée de préparation de la caco-
théline & haut degré de pureté. En utilisant ce produit, on déterming,
par trois méthodes difiérentes, le potenticl redox défini du couple
cacothéline-cacothéline réduite en

REFERENCES

1P, J. S. Borgmann, Ned. Tidschr. Pharm., 1894, 8, 140,
* M. L. Kuchment and A. I. Gengrinovich, Zavodskaya Lab., 1945, 11, 268,

*R. Lang, Z.

t. Chem., 1948, 128, 167.

hoch-

ieu 16 F en acide chlorhydrique.

* V. 8. Syrokomskii and E. V. Silaeva, Zavodkaya Lab., 1949, 15, 1015; see also Z. analyt. Chem.,

1951, 132, 120.

* F. Sierra and E. Monllor, Anales real Soc. espan. Fis, Quim., 1950, 468, 319,



248 G. GorALA Rao, N. KRISHNAMURTY and V. NARAYANA Rao

¢ Idem, ibid., 1950, 46B, 505.
7 Idem, ibid., 1951, 478, 239.
® P. Wehber, Angew. Chem., 1954, 66, 271.
* D. N. Hume and I. M. Kolthoff, Analyt. Chim. Acta, 1957, 16, 415.
10 P, Wehber, W. Johannsen and M. Heydecke, Merall, 1956, 10, 636, 828.
1# P, Szarvas and J. Lantos, Magyar Kém. Folydirat, 1959, 65, 145.
1 M. Mitsuokiboku, Japar Analyst, 1961, 10, 19.
13V, Narayana Rao, D.Sc. Thesis, Andhra University, 1957.
1 P, Szarvas and J. Lantos, Talanta, 1963, 10, 477.
18 H. Leuchs and F. Osterburg and H. Kachrn, Ber., 1922, 558, 564.
1¢ J. B. Conant and L. F, Feiser, J. Amer. Chem. Soc., 1924, 46, 1858.
17 G, H. Walden, Jr., L. P. Hammett and R. P. Chapman, /bid., 1933, 55, 2649.
1¢ 1. M. Kolthoff and R. Beicher, Volumetric Analysis Vol. III. Interscience Publishers, New York,
p- 622.



Talanta, 1965, Vol. 12, pp. 249 to 255. Pergamon Press Lid.

LE TITRAGE ENTHALPIMETRIQUE DE
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E. PoPpPER, L. RoMAN et P. MARCU
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Cluj, Roumanie

(Regu le 3 Aout 1964. Accepté le 19 Septembre 1964)

Résumé—Dans ce travail on a procédé au titrage enthalpimétrique
des o,m,p-phényléne-diamines, par du I'acide clorhydrique, en repre-
séntant graphiquement les courbes de neutralisation, par des coordon-
nées droites et aussi par des coordonnées obliques, afin d’éliminer les
effets thermiques secondaires. Par cette méthode, on a pu mettre en
evidence les deux degrés de dissociation dans tous les trois cas, et on
a calculé les chaleurs de neutralisation correspondantes. Il résulte des
valeurs des chaleurs de neutralisation que I’ortho et 1a para-phényléne-
diamine, ont un caractére basique plus prononcé que I'aniline et que
la méta-phényléne-diamine, comme consequence d’un effet de con-
jugaison dont l'influence s’exerce par I'accroissement de la densité
électronique chez les atomes d’azote dans les positions ortho et para.
On constate aussi que la régle de Bredig ne s’applique pas 2 la série
aromatique, justement en raison de I'effet de conjugaison signalé.

La méthode enthalpimétrique consiste, comme I'indique la littérature, dans la déter-
mination de la variation de température AT au cours d’une réaction chimique, en
fonction du volume de réactif ajouté An.!

Nous avons appliqué cette méthode a I’étude de la réaction de neutralisation de
quelques réactifs organiques contenant du soufre, introduits par nous en chimie
analytique, sans que, jusqu’ici, nous ayons pu appliquer cette méthode aux réactions
de précipitation de ces réactifs avec différents cations lourds (Agt, Hg*, Pb*+, Cd?+,
Cu?t, Bi*, etc.).

Les résultats satisfaisants obtenus au titrage de quelques réactifs 4 deux fonctions
thioliques (amides de I’acide hydrazin N-N’-bisthiocarbonique)® nous ont incités a
étudier d’autres dérivés bifonctionnels, tels que les diamines. Notre but est de tirer
au clair certaines réactions de ces diamines, pour étudier ensuite une série de com-
binaisons que forment celles-ci, utiles en chimie analytique.

Dans le travail présent nous abordons une étude paralléle sur des diamines ali-
phatiques et aromatiques, mais ne présentons que les données relatives aux trois
isoméres du diamino-benzéne (o, m, p-phényléne-diamine), que I'on emploie 4 la
détermination quantitative de quelques cations.?

Dans cette premiére étape, nous nous sommes arrétés a la réaction de neutralisa-
tion de ces diamines, par du HCI, comparativement & I’aniline, afin de pouvoir
étudier leur basicité en fonction de la position des deux groupes amino.

DONNEES EXPERIMENTALES ET DISCUSSIONS
1. Détermination de la constante enthalpimétrique de la cellule de titrage
Avant de procéder 3 un titrage enthalpimétrique, il importe de déterminer la
constante enthalpimétrique de la cellule, par titrage d’une solution de HCl 10~ m
249 !



250 E. PoPPER, L. ROMAN et P. MARCU

par une solution de NaOH 10! m, en employant la relation:

AH
Q=Nmm M

ol: Q est la constante enthalpimétrique de la cellule.
Nm = nombre de moles du produit formé
AH = AH° = 13,4 Kcal/mole
AT = variation totale de température, a la neutralisation de 250 mlde HC110—2m
par du NaOH 101 m.

La courbe de titrage enthalpimétrique correspondante est donnée dans la fig. 1,
et la valeur de la constante enthalpimétrique est:
AH 13,4

= N — (x) P — .
Q m AT, 0,003063 0.12 0,34205 Kcal/mole

2. Le titrage enthalpimétrique de Ianiline

Afin de disposer d’un point de référence a I'interprétation des résultats, nous
avons jugé utile de titrer enthalpimétriquement I'aniline. La courbe de titrage est
représentée A la fig. 2, et la chaleur de neutralisation calculée a la valeur:

Q 0,34205
AH= — — . AT =

H Nm 0,03716

Cette valeur nous servira de référence pour les données qui suivent (K = 54.

10-10) ¢

. 0,86 = —7,916 Kcal/mole.

3. Le titrage enthalpimétrique de la o-phényléne-diamine

Dans ce cas le titrage a été effectué sur une solution n/5 o-phényléne-diamine,
par HCl n, la courbe de titrage enthalpimétrique étant représentée a la fig. 3.

Les points B et C correspondent 4 la neutralisation des deux groupes amino.
Afin d’écarter I'influence des effets thermiques secondaires, nous avons appliqué une
transformation, en passant des coordonnées droites aux coordonnées obliques, en a
'aide des équations de transformation:

X =xV1+ p? )}
Y=y-—px 3

ou X et Y sont les coordonnées obliques, x et y les coordonnées droites et p = AT/An
la pente de la derniére portion de la courbe (CD), fig. 4.

On remarque que par cette transformation on obtient des valeurs moindres de la
variation de température AT (les points E’ et F') qui représentent cependant seulement
Peffet thermique de la réaction de neutralisation. La chaleur de neutralisation,
correspondant aux deux paliers, a les valeurs suivantes:

Q

AH, = — . AT, = —8,770 Kcal/mole
le
et AH, = ﬁq— . AT, = —3,871 Kcal/mole
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Comparativement a I’aniline, on observe que dans le premier palier I’o-phényléne-
diamine est une base plus forte (chaleur de neutralisation plus grande); ce fait peut
étre expliqué par un effet de conjugaison de I'un des groupements aminé avec le
noyau benzénique, ce qui provoque une augmentation de la densité électronique
a I'azote du deuxidme groupement amino et, par conséquent, de la basicité de celui-ci.
Cette explication nous parait plausible, parce que le groupement aminé est un sub-
stituant du I°* ordre et que I'influence de I’effet de conjugaison des substituants du
I** ordre se manifeste dans les positions ortho et para (voir ci-apres).
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La basicité de la deuxiéme fonction diminue sensiblement par rapport 2 celle de
I'aniline (la chaleur de neutralisation est plus faible).

Nous soulignons le fait que la littérature chimique ne consigne qu’une seule
constante de dissociation pour I'o-phényléne-diamine, qui est plus petite que la
constante de dissociation de Ianiline (K, = 2,35. 10719).% Or le titrage enthalpimét-
rique met en évidence aussi le deuxi¢me palier de dissociation de I’o-phényléne-
diamine, et de la chaleur de neutralisation plus grande pour le premier palier de
dissociation, il résulte que I’0-phényléne-diamine est une base plus forte que I’aniline.
Il va sans dire que des recherches complémentaires s’imposent pour venir étayer ce
point de vue.

4. Le titrage enthalpimétrique de la m-phényléne-diamine

Dans ce cas aussi le titrage a €té fait sur une solution d’environ n/5 m-phgnyléne-
diamine, par HCI n; les courbes de titrage enthalpimétrique en coordonnées droites
et obliques sont représentées aux fig. 5 et 6.

Les deux paliers de dissociation sont trés nets, de méme que le fait que la variation
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de température est beaucoup plus petite dans ce cas que dans celui de I'o-phényléne-
diamine. La chaleur de neutralisation, pour les deux paliers, a les valeurs suivantes:

AH, = 2 . AT; = —2,158 Kcal/mole
le
et AH, = Q. AT, = —0,1619 Kcal/mole.
Nie

Il ressort des valeurs des chaleurs de neutralisation de la m-phényléne-diamine
dans les deux paliers que celleci a un caractére basique beaucoup plus atténué que
Paniline et que ’o-phényléne-diamine. 1’explication en serait que, dans ce cas,
Ieffet de conjugaison ne se fait plus sentir. Il nous semble de ce fait anormal que
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la littérature indique pour une constante de dissociation de la m-phényléne-diamine
une valeur plus grande que pour I'aniline, valeur méme plus grande que pour I’o-
phényléne-diamine (K; = 6,0.1071%4 ce qui ne nous semble ni possible ni exact.
Nous exprimons notre opinion avec toute les réserve d’usage car d’autres vérifications
s’imposent.

5. Le titrage enthalpimétrique de la-p-phényléne-diamine

Titrage enthalpimétrique de la p-phényléne-diamine sur une solution 10~ m,
par du HCI m. Les deux courbes de titrage en coordonnées droites et obliques sont
représentées aux figures 7 et 8.

Dans ce cas aussi les deux droites de dissociation sont visibles, et la variation de
la température au cours du titrage est plus grande que dans le cas de la m-phényléne-
diamine, mais inférieure a celle que I'on enregistre avec la o-phényléne-diamine.
Les chaleurs de neutralisation, correspondant aux deux droites, sont:

AH, = Q . AT, = —8,703 Kcal/mol.
ml

et AH,; = Q . AT, = —2,482 Kcal/mol.
m2

Ii ressort de ces valeurs de la chaleur de neutralisation que sur le premier palier la
p-phényléne-diamine est une base plus forte que I'aniline, quoique certaines sources
bibliographiques indiquent une valeur de la constante de dissociation plus petite
que pour I’aniline (K = 1,23 . 1071%.% Il n’en est pas moins vrai que certains manuels
donnent, pour le premier palier de dissociation de la p-phényléne-diamine une valeur
plus grande que pour l'aniline (K, = 1,3 . 10-8).48

La basicité plus grande que manifeste la p-phényléne-diamine s’expliquerait
également par un effet de conjugaison, tout comme dans le cas de I'o-phényléne-
diamine. Sur le second palier, la p-phényléne-diamine est une base plus faible méme
que I’aniline.

En outre on constate que la régle de Bredig,? suivant laquelle la dissociation des
polyamines augmente avec I’éloignement réciproque des deux groupes amino, ne
s’applique pas dans ce cas, de méme que, en général, dans la série aromatique. Selon
cette régle, la m-phényléne-diamine devrait étre une base plus forte que I’o-phényléne-
diamine. Or, il résulte des valeurs des chaleurs de neutralisation, correspondantes
aux premiers paliers de dissociation des trois diamines que I'o-phényléne-diamine a
le caractére basique le plus prononcé; vient ensuite la p-phényléne-diamine, tandis
que la m-phényléne-diamine est une base plus faible méme que I’aniline.

CONCLUSIONS
1. On a procédé au titrage enthalpimétrique des o, m, p-phényléne-diamines par
HC], en représentant graphiquement les courbes de neutralisation par des coordonnées
droites et aussi par des coordonnées obliques, afin d’éliminer les effets thermiques

secondaires.
2. Grice A cette méthode, on a pu mettre en évidence les deux droites de dis-
sociation dans tous les trois cas, et on a calculé les chaleurs de neutralisation cor-

respondantes.
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3. 1l résulte des valeurs des chaleurs de neutralisation que I'ortho et la para-
phényléne-diamine ont un caractére basique plus prononcé que I'aniline et que la
méta-phényléne-diamine, comme conséquence d’un effet de conjugaison dont I'in-
fluence sexerce par I'accroissement de la densité électronique au niveau des atomes
d’azote en positions ortho et para.

4. On constate que la régle de Bredig ne s’applique pas a la série aromatique,
en raison de I'effet de conjugaison signalé.

Summary—Neutralisation curves for the enthalpimetric titration of o-,
m- and p-phenylenediamines with hydrochloric acid have been pre-
sented on rectangular Cartesian co-ordinates, and also on oblique
co-ordinates to eliminate secondary thermal effects. It has thus been
possible to demonstrate the two degrees of dissociation in all three
cases, and to calculate the corresponding heats of neutralisation.
These values show that o- and p-phenylenediamine are both more
basic in character than aniline and than m-phenylenediamine, because
of conjugation resulting in an increase of electron density at the
nitrogen atoms in the o- and p- positions. It may be concluded that
Bredig’s rule does not apply to the aromatic series because of this
conjugation.

Zusammenfassung—Die Neutralisationskurven enthalpimetrischer Ti-
trationen von o-, m- und p—Phenzleendiamin mit Salzsiure wurden in
cartesischen Koordinaten angegeben, sowie in schiefen Koordinaten,
um sekundire thermische Effekte auszuschalten. Es war so in allen
drei Fillen mdglich, die beiden Dissoziationsstufen zu zeigen und die
entsprechenden Neutralisationswiirmen zu berechnen. Die Werte
zeigen, daB o- und p-Phenylendiamin beide stirker basisch sind als
Anilin und m-Phenylendiamin, da die Konjugation ein Anwachsen
der Elektronendichte bei den Stickstoffatomen in o- und p-Stellung be-
wirkt. Man kann daraus schlieBen, daB wegen dieser Konjugation
die Bredigsche Regel fiir die aromatische Reihe nicht gilt.
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Summary—The ten commonest caesium salts have been investigated
by the method of derivatography, their weight change, rate of weight
change and enthalpy change being measured as a function of tem-
perature. On the basis of these experiments, those temperatures at
which the salts can be dried without danger of decomposition are
deduced. The results can be interpreted by the acid-base theory of
high temperatures.

IN a previous communication! we reported on our thermoanalytical investigations of
analytical-grade ammonium salts. In the present paper our results gained with
caesium salts are discussed.

EXPERIMENTAL

The derivatograﬁh was as described previously.! The samples were again weighed into a platinum
crucible, but 400-500 mg were taken and the rate of heating was 10°/min. Samples were pulverised

ina

porcelain mortar, then passed through a 0-045-mm sieve before being weighed.

Most of the salts used in the experiments were either analytically pure or so-called purissimum
reagents (E. Merck, Darmstadt, Germany).

TABLE |
DTG Temperature
Figure Caesium salt Formula  DTA peaks,* °C  M.p., °C  peaks,* °C  of drying,°C
1 Fluoride CsF Endothermic: 680 (190, 260) <620
(142, 180, 260)
2 Chloride CsCl1 Endothermic, 640 <600
reversible: 450
3 Bromide CsBr 630 <600
4 Todide Csl 620 <580
5 Sulphate Cs,S0, Endothermic,
reversible: 7i0 1040 <1000
6 Aluminium CsAl(SO,)s: Endothermic: 90, 110, Room
sulphate 12H,0 90, 110, 220, 220, 820 temperature®
820
7 Carbonate 3Cs,CO,- Endothermic: 80, 800 180, 220 <50°
10H,0 180, 220, 250 250
8 Chromate Cs,CrO, Endothermic,
reversible: 800 1020 <1000
9 Dichromate  Cs,Cr,0, (320) 400 (320) <360
10 Nitrate CsNO, Endothermic, 410 <370
reversible: 150

* Peaks indicated in brackets are from the presence of small concentrations of impurities.
> Anhydrous caesium aluminium sulphate can be heated between 250 and 650° without decom-

¢ Anhydrous caesium carbonate can be heated between 300 and 700° without decomposition.
* Part I: see reference 1.

257
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RESULTS AND DISCUSSION
Caesium fluoride
The derivatogram of caesium fluoride (Fig. 1) shows that the substance contained
39 of volatile material, which was removed up to 350°. Two peaks can be observed
on the DTG curve and three peaks on the DTA curve. The first, endothermic peak
of the DTA curve, which was not accompanied by any weight change, indicates that
the substance also contained CsHF;, the melting of which was the cause of this peak

DTA
o ~
o 142
» 180 260
[-]
Q
@ 30t
4OL 680
& ° T oTG
5 o} |
e ™ zoF. l30| l
2 & 30k
g |
£
g l
[ =
[=]
2 I
(=]
© |
\
g |
— ke
® \
\
-
g = \ (]
\\
§3.0%“6'——__\"" --,\\\
3 - AN
\
sl \
)
9t~ '
I S ! ]
0 200 400 600 800 1000
c

FiG. 1.—Caesium fluoride.

at 142° (in good agreement with the literature value of 142°1%8), The first process
accompanied by weight change (180°) is probably the departure of hydrogen fluoride,
the amount of which is about 0-6 %,. The second process (peak at 260°) corresponds
to the departure of water which is sufficiently strongly bound that it is not removed on
desiccation over phosphorus pentoxide under vacuum. That the peak corresponded to
water was proved by the following experiment: the sample was left in contact with the
air for some minutes, then the derivatographic measurement repeated. Because the
sample had taken up water, the height of this step increased (see dotted line in Fig. 1).
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When the temperature is raised even higher, no further changes took place up to
the melting point at 680°. From the TG and DTG curves, however, it can be seen
quite clearly that volatilisation of the substance began immediately above the melting
point, in contrast with the previously recorded observation that it began only at about
990°.¢
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FiG. 2.—Caesium chloride.
Caesium chloride

Caesium chloride crystals are completely stable up to their melting point. The
DTA peak (Fig. 2), indicating an endothermic change at 640°, is from the melting
point. If the temperature is raised further, volatilisation of the caesium chloride
becomes more and more intensive, and up to 1000°, under the given experimental
conditions, a weight loss of 6% was observed. Duval and coworkers® found that
caesium chloride is weight-stable up to 877°.

On the DTA curve there is an endothermic peak at 450°, which is not accompanied
by any weight change. This corresponds to recrystallisation of the caesium chloride,
the original *“caesium chloride” lattice being transformed to a *“sodium chloride”
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lattice structure. The process is reversible, as proved by the cooling curve of the
substance obtained experimentally.

Caesium bromide

The caesium bromide sample contained neither mechanically nor chemically
bound water. On the DTA curve, indicating the enthalphy changes, only the peak
from the melting point at 630° is to be observed (Fig. 3). In the region of this tempera-
ture a slight loss of weight is indicated, arising from volatilisation of the sample.
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FiG. 3.—Caesium bromide. F1G. 4.—Caesium iodide.

Caesium iodide

The thermal properties of caesium iodide are similar to those of caesium bromide.
Up to 620° there is no weight nor enthalphy change observable (Fig. 4). Above the

melting point at 620°, the substance is slightly volatilised, as indicated on the TG
curve.
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Caesium sulphate

According to the thermoanalytical curves (Fig. 5), caesium sulphate is weight-
stable up to 1040°. There is a reversible change of modification observable at about
710°, where the orthorhombic crystals are transformed to hexagonal ones. The heat
effect—in agreement with the literature®—is very small. Our investigations, however,
by measuring the temperature in the sample itself, proved that this temperature is
higher by 50° than that recorded in the literature.
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Fi1G. 5.—Caesium sulphate.

Caesium aluminium sulphate dodecahydrate

Caesium aluminium dodecahydrate has a stable stoichiometric composition up
to 40°. On being heated above 40°, water is lost in three steps (Fig. 6). These
indicate that the water is bound by different strengths, which can be seen especially
well on the DTG curve. From the latter it can be established that in the first step 4,
in the second 6 and in the third 2 molecules of water of crystallisation are removed
from the substance, similarly to the decomposition of potassium aluminium sulphate
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dodecahydrate.” On the DTA curve the first and second processes overlap con-
siderably and as a result only an inflection point is observable on the DTA curve.
After the departure of all water of crystallisation the anhydride is stable between 250
and 680°. Above this temperature the sulphur trioxide bound to the aluminium
oxide is lost (up to 920°), while the sulphur trioxide bound to the caesium oxide is
lost only at a higher temperature.

Caesium carbonate

The thermoanalytical curves of caesium carbonate (Fig. 7) show that the sample
contained a considerable amount of water of crysta.llisation This corresponded very
closely to the composluon 3 CsCOy'10H,0 reported in the literature.® According to
the DTG curve, however, the water of crystalhsauon is somewhat surprisingly lost
in four steps. In the first step about 0:S mole, in the second about 1 mole, in the third
also about | mole and in the fourth 0-8 mole of water is lost. Expenments were also
made under different circumstances, using a slower rate of heating, but in all cases
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the water was found to depart in these four steps; the amounts of water corresponding
to the individual steps did, however, change. The departure of water of crystallisation
is also indicated on the DTA curves by four individual peaks, which contrasts with
Reisman’s observations,® but the processes, because of their strong overlapping,
could be discerned only by points of inflection. There is also an endothermal peak
at 80° on the DTA curve, which is presumably caused by the melting of the substance
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in its own water of crystallisation. Although caesium carbonate melts at 800°, a

weight loss was observed even at lower temperatures (from about 700°), this increasing
with increase of temperature.

Caesium chromate

The derivatogram of caesium chromate (Fig. 8) shows that the substance has
practically a constant weight. There is a reversible process with a slight enthalpy
change at 800°, indicated by the DTA curve; this is caused by the change of the
yellow, prismatic « modification to the yellow, orthorhombic 8 one. The temperature
of this transformation is not, however, to be found in the literature. The reversibility
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of the process was proved by obtaining the cooling curve. The melting point of
caesium chromate was found to be at 1020°.
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Caesium dichromate

Fig. 9 shows the derivatogram of a sample of caesium dichromate produced by
Chemapol (Czechoslovakia). According to this, the substance is stable up to 300°,
while at 320° (DTA maximum) a 0-5% weight loss occurred, probably because of
some impurities. There is a reversible DTA peak at 400°, which, as far as we could
establish, corresponds to the melting of caesium dichromate. At higher temperatures
the substance volatilises. During the melting itself there is a small (ca. 0-1 %) loss of
weight indicated, which can be seen on both the TG and DTG curves. Similar
effects have previously been encountered in connection with the melting of numerous
organic and inorganic substances.

Caesium nitrate
Caesium nitrate was prepared in our laboratory from silver nitrate and caesium
chloride. The derivatogram (Fig. 10) indicates that the salt has a constant weight up
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to 550° and decomposition takes place only above this temperature. There are two
endothermic peaks to be seen on the DTA curve. The first, at 150°, indicates the
reversible transformation of the hexagonal crystal form tq a cubic one, while the
second, at 410°, shows the melting point. After melting, and above 600°, decomposi-
tion of the caesium nitrate begins, first to caesium nitrite, finally to caesium oxide.
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CONCLUSIONS

The results gained by derivatographic measurements can be interpreted very
satisfactorily by the theory of high temperature systems worked out by Erdey and his
coworkersi®!l  Because the acidic cation was the same in all cases, the influence of
the basic anions on the thermal properties of the substances was examined.

From the investigations of the halides the melting point decreases with decrease
in electronegativity (i.e., with increase of polarisability and diameter): CsF > CsCl
> CsBr > Csl. There is a relatively greater difference between fluoride and chloride,
which can be interpreted in terms of the especially strong basicity of the fluoride
anion.



266 L. ErDEy, G. LipTAY and S. GAL

On the right-hand side of the Periodic Table occur the acidic cations (C*, N5,
S#, Cr®*), which are unstable alone. They always occur in neutralised forms together
with oxygen (CO,%-, NO;~, SO,2~, CrO,2) in the form of stable ions.

By comparing the melting points of caesium sulphate, chromate and dichromate,
it can be established that these are in good agreement with Erdey’s theory of high
temperature reactions. Both the central acidic cations of sulphate and chromate have
their oxidation number of +6, from which the basic anions SO~ and CrO2- are
derived by neutralisation with the O®*~ ion. The melting point of sulphate is higher
(1040%), because it has been derived from the S* acidic cation with a smaller diameter,
than the melting point of chromate (1020°), which is derived from the Cr%+ acidic
cation with a larger diameter. However, if one O%~ion of the chromate ion is replaced
by another CrQO,?~ ion i.e., by a less strongly basic part, the strength of the bond
formed in this case decreases further, and the melting point is, therefore, even lower
(400°).

In the decomposition of caesium aluminium sulphate dodecahydrate one can
discern three types of water bound to the molecule by different strengths. This is
also caused by differences in the strengths of acidic and basic ions. Four moles of
water, which are removed in the first heating step, are bound to the acidic K+ cation,
while the second 6 moles are bound to the acidic AI** cation. The remaining 2 moles
are co-ordinated to SO,% ions, as in the case of potassium aluminium sulphate
dodecahydrate.” The difference in acid strength is also the cause of the fact that in
caesium aluminium sulphate, first aluminium and only later caesium sulphate de-
composes, because AI** is a more strongly acidic cation than Cs*.

- The curious phenomenon that in the case of caesium carbonate, water molecules
are lost in several weil defined steps, can also be interpreted in terms of water mole-
cules co-ordinated to various lattice points and bound by various strengths. A more
thorough study of the phenomenon will be described later.

From the derivatogram of caesium nitrate it is interesting to point out that the
substance remains completely unchanged even 150° above its melting point. Decom-
position of the molten substance only takes place higher than this temperature.

Acknowledgement—Several of the caesium salts were made available by the courtesy of E. Merck,
Darmstadt, Germany, for which the authors wish to express their sincere thanks,

Zusammenfassang—Zehn der am hiufigsten vorkommenden Caesium-
salze wurden derivatographisch untersucht. Gewicht, Geschwindig-
keit der Gewichtsinderung und Enthalpicinderung wurden als
Temperaturfunktionen gemessen. Auf Grund dieser Versuche konnten
die Temperaturen herausgefunden werden, bei denen die Substanzen
ohne Zersetzungsgefahr getrocknet werden knnen. Die Ergebnisse
lassen sich mit der Sdure-Basen-Theorie hoher Temperature
interpretieren.

Résumé—On a étudié les dix sels plus communs du césium par déri-
vatographie. On a mesuré le poids, la vitesse de variation de poids, et
les variations d’enthalpie en fonction de la température. Sur la base de
ces expériences, on peut fixer les températures auxquelles les sub-
stances peuvent &tre séchées sans danger de décomposition. On peut
interpréter les résultats par la théorie acide- aux hautes
températures,



Thermoanalytical properties of caesium salts 267

REFERENCES

1 L. Erdey, S. Gal and G. Liptay, Talanta, 1964, 11, 913.

* F. Paulik, J. Paulik and L. Erdey, Z. analyt. Ckem., 1958, 160, 241.

3 Idem, Bergakademie, 1960, 12, 413.

1 F. M. Jaeger, Z. anorg. Chem., 1917, 101, 193.

* C. Duval, Inorganic Thermogravimetric Analysis. Elsevier Publishing Company, Amsterdam, 1953.
¢ H. Miiller, Z. Krist., 1914, 53, 511.

* L. Erdey, F. Paulik and J. Paulik, Acta Chim. Acad. Sci. Hung., 1956, 10, 61.

® P. Lebeau, Ann. Chim. Phys., 1905, 6, 427.

* A. Reisman, Analyt. Chem., 1960, 32, 1566.

10 |, Erdey, Periodica Polytech., 1957, 1, 91.

1 1. Erdey and S. GAl, Talanta, 1963, 10, 23.
12 F. C. Mathers and P. T. Stroup, Trans, Amer. Electrochem. Soc., 1934, 66, 248,



Talanta, 1965, Vol. 12, pp. 269 to 276. Pergamon Press Ltd.

POLAROGRAPHIC STUDY OF URANYL—PYRO-
PHOSPHATE COMPLEX IN THE PRESENCE OF
VARIOUS SURFACE-ACTIVE SUBSTANCES
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Summary—The effect of various surface-active substances on the
characteristics of the polarograms of uranyl-pyrophosphate complexes
is studied in detail. In the absence of surface-active substances,
reversible and diffusion-controlled reduction waves are obtained when
the ligand concentration is 0-05-0-30M and the pH 1-55-4-0. Bﬁyond
PH 4-0, the irreversible waves are rendered reversible by the addition
of 0-049, a-naphthol, 0-029; f-naphthol, and 0-0022; Triton X-100
and 0-18 %; camphor, shifting the waves to a more negative potential.
The formation of a 1:1 complex is confirmed by conductometry.

POLAROGRAPHIC studies of pyrophosphate complexes of various metals have been
reported by Rogers and Reynolds,! Laitinen and Onstott,2 Subrabmanya® and Ram,
Kumar and Shinha.! Vaid and Ramachar®® have also investigated the complex
formation between P,0,* and bivalent metal ions and have proved the formation
of a complex of the type [M(II)P;O;1*~ by potentiometric, conductometric and
spectrophotometric methods. In these investigations, no mention is made of the
uranyl-pyrophosphate system.

The effect of surface-active substances on polarographic waves has been described
by several authors.”1® They pointed out that such substances shift the half-wave
potential, particularly of irreversible waves, to a more negative potential.

In the present paper the influence of surface-active substances on the polarographic
behaviour of uranyl-pyrophosphate complexes has been studied in detail.

EXPERIMENTAL
Apparatus

All polarograms were manually recorded using a Sargent Model XII Polarograph, equipped with
a Leeds and Northrup Students Kohlrausch slide wire. A modified H-cell, containing an external
saturated calomel reference electrode (S.C.E.) and a potassium chloride-agar plug, was used. The
cell was thermostated at 30° + 0-01°.

The dropping mercury electrode used had the following characteristics in 0-2Af sodium perchlorate
at an applied potential of —0-5V vs. 5.C.E.: m = 1-705 mg/sec, t = 4-30 sec at mercury column
height h = 69-5cm.

Reagents

All the reagents used were polarographically pure.

Uranyl perchlorate solution. Prepared and analysed as described previously.1

0-5M Stock solution of sodium pyrophosphate. Prepared by dissolving 22-304 g of Na,P,0,-10H,O
(Wako Pure Chemical Industries Co., special grade) in water and diluting the solution to 100 ml
with water.

In order to obtain a higher concentration of camphor solution, a 109; alcoholic stock solution
was used.

269
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RESULTS AND DISCUSSION

The polarographic characteristics of the uranyl-pyrophosphate complexes were
studied systematically over the pH range 1-05-11-6 to establish the nature of the
complexes and electrode reactions. In the pH range 1:054-0 and a concentration
of sodium pyrophosphate varying from 0-05 to 0-30M, both the mean value of
E;,, — E,/and the mean slope of the conventional logarithmic plots were —0-060 V vs.
S.C.E. These are in excellent agreement with the theoretical value for a reversible
one-electron reduction.

The temperature coefficient of half-wave potential was —0-:35mV/°C in the
temperature range 26-46°, providing further evidence of the reversible character
of this process. The temperature coefficient of the diffusion current is 1-57 %[°C,
and the value of i;/h/% is 0-389 4- 0-006 for the height of mercury column from 44 to
89 cm at pH 2-50. Therefore, it is inferred that the electrode reactions were entirely
diffusion-controlled.

TABLE I.—EFFECT OF pH ON URANYL-PYROPHOSPHATE WAVE
(1-:0mM UO,(ClO,),, 0-05M Na,P,0, aNp 0-2M NaClO,}

—E,;;; (vs. S.CEE), Ey— Eye Slope of ia,
| 4 | 4

pH log plot nA
1-05 0-174 ~0-059 —0-059 412
1-45 0-231 —0-060 —0-060 410
1-75 0-255 —0-060 —0-060 385
2-08 0-280 —0-060 —0-059 3-58
2:60 0-325 —0-060 —0-060 321
310 0-356 —0-059 —0-060 291
335 0-377 —0-061 —0-058 2:30
3-60 0-382 —0-059 —0-060 1-75
4:00 0-398 —0-064 —0-061 1-44
4-80 0-950 ~0-095 —009] 310
570 0-994 —0-120 —0-114 405
6-00 1-038 —0-106 —0-110 390
7-50 1-024 —0-098 —0-096 381
9-20 1-009 -0-100 —-0114 2:81
10-60 0-997 —0-098 —0-110 218
11-60 0-975 —0:094 —0-099 205

Above pH 4-0, the reversible wave gradually turned into an irreversible wave; the
value of Ey;; — E,,, was in the range —0:094 to —0-120 V for the pH range 4-8-11-6
and constant sodium pyrophosphate concentration (0-05M)(Table I). In the pH
range 4-0-4-8, the polarograms were badly deformed in shape and the diffusion
plateau gradually disappeared.

Influence of pH and ligand concentration

The half-wave potentials for solutions of 1:0mM uranyl perchlorate in 0-2M
sodium perchlorate at varying concentrations of pyrophosphate (0-05-0-30M),
and over the pH range 1-054-0 are given in Fig. 1. At pH lower than 1-05, the half-
wave patentials kept a constant value at —0-174 V vs. S.C.E., which is identical with
the half-wave potential of the simple uranyl ion, showing that no chelate was formed.
In the pH range 1-05-4-0, the half-wave potentials were shifted to the negative side
as the pH value was increased; the slope of the straight lines, —0-070, indicated that
approximately one hydrogen ion participated in the electrode reduction.
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The diffusion currents gradually decreased as the pH was increased up to 4-0
(Table I). This is probably caused by the progressive ionisation of pyrophosphoric
acid and pyrophosphate ions and the resulting changes in the nature of the uranyl-
pyrophosphate complexes.

The slope of the straight line for the plot of —E,,, against the logarithm of the
concentration of pyrophosphate should be —(p — q)0-060, where (p — q) is the
difference in number of ligands attached to the uranium(VI) and uranium(V)

—Eyvs S.C.E, V

0. 'J L L A L I L L
o8 [X] 18 20 s 30 38 40

pH
FiG. 1.—Plot of —E,, as a function of pH:
O—0-05M,
A—0-10M,
®—0-20M,
x —0-30M.

chelates. As shown in Fig. 2, the slopes of the straight lines are 4-0-061 and 0-000,
corresponding to values for (q — p) of 1 and 0, respectively, at a ligand concentration
higher than 0-095M and lower than 0-095M at pH 2-50. This indicates that two kinds
of reduced complex species exist at ligand concentration 0-05-0-30M. Fig. 2 also
shows the variation of the diffusion current with the logarithm of the ligand concen-
tration. The point of greatest change comes approximately at the log Cy where the
slope of the log Cy vs. —E,,, line also changes, indicating the possibility of the
existence of different uranyl-pyrophosphate complexes at different ligand concen-
trations.

Effect of surface-active substances

As shown in Table I, the reversible waves turned to irreversible ones by shifting
the E,,, to a more negative potential at pH beyond 4-0. In an attempt to establish
the reversibility of the electrode reaction, which is essential to obtain quantitative
information about the complexes, various surface-active substances were used.

The effects of Triton X-100, thymol, gelatin, x-naphthol, f-naphthol and camphor
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upon the half-wave potential, the slope of current-voltage curve and the diffusion
current are shown in Table II. Fig. 3, which illustrates the polarograms in the presence
of various surface-active substances, indicates that all the surface-active substances
used, except gelatin, shifted the E,,, to more negative potentials, besides rendering
the waves more reversible in nature. These effects may be attributed to the hindrance
of electro-reduction by adsorption of the surface-active substances on the electrode-
electrolyte interface. The wave-heights observed in the presence of surface-active

td, uA
S L TS

- L A -
oS o7 0.2 a3 LX)
-Eypw S.CE

Fi. 2.—Eflect of log Cy on —E,/, and iq at pH 2-50.

substances were not appreciably changed. This may be because of the absence of
visible maxima in the reduction waves of the uranyl-pyrophosphate.

Thymol and gelatin were found to be the least effective agents to remedy the
irreversible polarograms of uranyl-pyrophosphate complexes, even at the high con-
centration of 0-01 9;. Although Triton X-100 shifted the reduction wave to a more neg-
ative potential and the wave also became steeper, the effects were not so pronounced
as with a-naphthol and f-naphthol. Camphor exerts the most remarkable effect
on the polarograms. The higher the concentration of camphor, the steeper is the
slope of the wave. a-Naphthol, f-naphthol and a mixture of Triton X-100 and
camphor were found to be the best agents for rendering the irreversible wave re-
versible and symmetrical. The optimum amounts of these surface-active substances
were found to be 0-049; a-naphthol, 0-029, f-naphthol, and 0-002 % Triton X-100
and 0-18% camphor. Under these conditions, both values of Ey, — E,,, and the
conventional log plots averaged —0-060 V vs. S.C.E. These results providean excellent
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TABLE II.—EFFECT OF SURFACE-ACTIVE SUBSTANCES ON URANYL-PYROPHOSPHATE
WAVE [ImM UOL(CIO,),, 0-05SM Na,P,0,, 0-2M NaClO, AND VARIOUS
SURFACE-ACTIVE SUBSTANCES AT pH 6-0]

Surface-active Concn., E]/‘ - Ellh —Eglg (W. S.C.E.), i‘,
substance % |4 | 4
—_ — —0-106 1-038 370
Triton X-100 0-0004 —0-100 1071 370
0-0012 —0-100 1-140 375
0-0060 —0-080 1-450 400
Thymol 0-002 —0-101 1-005 390
0-01 —0-091 1-014 410
Gelatin 0002 —0-126 0997 3-90
o001 — — —
«-Naphthol 0002 —0-095 1-024 348
001 —0-080 1-072 3-90
0-03 —0-068 1-090 3.98
0-04® —0-059 1-104 398
0-05® —0-059 1-124 410
p-Naphthol 0-002 —0-090 1-020 3-80
0-01 —0-071 1-055 370
0-02b —0-060 1-067 380
0-03 —0-046 1-075 375
Triton X-100 and 0-002
fp-naphthol 0-01 —0140 1-215 450
Camphor 0-005 —0-096 1-020 3-60
0-02 —0-031 1-050 3-60
0-06 —0020 1-218 4-70
010 —~0-018 1-241 4-60
Triton X-100 and  0-002 ‘
camphor 009 —0-074 1-308 375
g:(lagz, b —0-060 1311 355
* Wave badly deformed

b Reversible wave
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FiG. 3.—Polarograms of solutions containing 1-0mM UO4(CIO,),, 0-05M Na,P,0,,

0-2M NaClO,, at pH 6-0 with various surface-active substances:

(A) no surface-active substance; (B) 0-0004 9 Triton X-100;
(C) 0-006% Triton X-100; (D) 0-01 % thymol;
(E) 00029, gelatin; (F) 0-017; gelatin;
(G) 0-01°% «-naphthol; (H) 0-01 % p-naphthol;
(1) 0-0029% Triton X-100 and 0-09%; camphor; (J) 00059, camgl;or;
(K) 0-002% Triton X-100 and 0-01%; S-naphthol; (L) 0-06%, camphor.
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method for making a quantitative investigation of the uranyl-pyrophosphate com-
plexes at a pH beyond 4:0. However, the addition of a mixture of 0-002% Triton
X-100 and 0-18 9, camphor is inferior to the addition of 0-04 % a-naphthol or 0-029
B-naphthol because of the sublimation of camphor at higher concentration, thus
influencing the reproducibility of the wave.

Effect of pH and ligand concentration on polarograms in presence
of surface-active substances

The dependence of the polarographic characteristics on the pH was determined
by polarographing a solution of 1mM uranyl perchlorate in the presence of various

TABLE III.—EFFECT OF pH ON THE CHARACTERISTICS OF POLAROGRAMS IN THE PRESENCE OF
SURFACE-ACTIVE AGENTS [1-0 x 10-*M UO(CIO,),, 0-2M NaClOQ,, 0-05M Na,P,O, anD
VARIOUS SURFACE-ACTIVE SUBSTANCES]

—E, /3 (vs. S.C.E)), Eye — Eigs Slope of ig,
14 14

Surface-active substance pH log plot BA
Triton X-100 5-85 1-300 —0-060 —0-059 3-60
(0-002%) and 6-00 1-314 —0-060 —0-059 3-61
camphor (0-18 %) 6-80 1-296 —0-065 —0-064 3-30
810 1-233 —0-063 -0-061 2:95
9-50 1-265 —0-057 —0-059 2:40
10-40 1230 —0-076 —0-079 2:10
B-Naphthol 5-10 1-050 —0-065 —0-064 400
(0-02%) 5-67 1-066 —0-064 —0-062 391
6-00 1-067 —0:060 —0-059 391
6-50 1-082 —0-060 —0-059 370
696 1-088 —0-060 —0-059 3-51
7-31 1-093 —0-060 —0-060 3-47
775 1-093 —0-059 —0-058 3-50
810 1-091 —0-060 —0-059 3-40
8-50 1-092 —0-059 —0-059 3-30
9-00 1-081 —0-062 —0-060 2-85
920 1-059 —0-066 —0-070 2-60
9-50 1-043 —0-086 —0-087 2-60
a-Naphthol 5-10 1-085 —0-057 —0-058 4-05
0-04%) 5-45 1-092 —0-059 —0-059 4-15
5-80 1-097 —0-060 —0-059 420
6:30 1-108 —0-059 —0-059 4-20
675 1-112 —0-056 —0-057 370
7-30 1-113 —0-057 —0-057 3-65
7-80 1-114 —0-060 —0-060 330
8-41 1-115 —0-058 —3-059 320
9-00 1-110 —0-060 —0-059 3-:00
930 1-089 —0-083 —0-085 3-00

surface-active substances (Table III). The values of Ey,, — E,, and the slopes of the
conventional logarithmic plots averaged —0-060 V at pH around 5-1-9-0, indicating
a reversible one-electron reduction. At pH lower than 5-1 or higher than 9-0, the
electrode reduction became irreversible. The half-wave potentials are practically
independent of pH, showing that no hydrogen ion is involved in the reduction.
The half-wave potentials for a solution at pH 6-5 were plotted against the logarithm
of the ligand concentration. As shown in Fig. 4, there is one breaking point at 0-2M
sodium pyrophosphate in the S-naphthol system, indicating the possible existence
of two different reduced complex species. The slopes are 0-000and 0-060, corresponding
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to (q — p) values of 0 and 1 for a ligand concentration higher and lower than
0-2M, respectively. On the other hand, in the «-naphthol system, the slope of the
log Cy vs. —E,,, plot is zero, showing that uranium(V1) and uranium(V) have the
same number of ligands.

Mole ratio of complex

The metal-ligand ratio of the uranyl-pyrophosphate complex was determined to
be 1 : 1 by the conductometric titration method (Fig. 5). The result was in good
accordance with that of Vaid and Ramachar® and of Rogers and Reynolds! obtained
by potentiometric, conductometric and spectrophotometric methods for bivalent
metal ion~pyrophosphate complexes.
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A—0-04%; a-naphthol,
0—0-02%; f-naphthol.

Nay Pg O, added,

ml

F1G. 5—Conductometric titration [5-0 ml
of 10mM UO,(ClO,); + 160 ml of H,0O
+ x ml of 10mM Na,P,0,].

Acknowledgement—The authors thank the National Council of Science Development which supported
the work described.

Zusammenfassung—Der

EinfluB verschiedener oberflichenaktiver

Substanzen auf die Eigenschaften der Polarogramme von Uranyl-
Pz:o osphat-Komplexen wurde im Einzelnen untersucht. Ohne
) dchenaktive Stoffe wurden reversible und diffusionskontrollierte
Reduktionswellen erhalten, wenn die Ligandenkonzentration zwischen
0,05 und 0,30m und der pH zwischen 1,05 und 4,0 lagen. Bei pH-
Werten {iber 4,0 lieBen sich die irreversiblen Wellen durch Zugabe
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von 0,047, oa-Naphthol, 0,029, S-Naphthol, und 0,002% Triton
X-100 und 0,18%; hor reversibel gestalten, wobei sich dic Wellen
zu negativerem Potential verschieben. Konduktometrisch wurde
Bildung eines 1:1-Komplexes bestitigt.

Résumé—On a étudi€ en détail I'effet de diverses substances tensio-
actives sur les caractéristiques des polarogrammes descomplexesuranyl-
pyrophosphate. Enl'absence de substances tensio-actives, des vagues
de réduction réversibles et & diffusion contrélée ont été obtenues lorsque
la concentration en complexe est comprise entre 0,05M et 0,30M, et
le pH entre 1,05 et 4,0. Au-deld de pH 4,0, les vagues irréversibles sont
converties en vagues réversibles par I'addition de 0,04 % d’« naphtol,
0,029 de B naphtol, 0,002%; de Triton X-100 et 0,18, de camphre,
déplagant les vagues vers les potentiels plus négatifs. On a co

par conductimétrie la formation d’un complexe 1:1.
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A COMPARISON OF THE SPECTROGRAPHIC AND
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Summary—A comparison is provided of the accuracy of two established
spectrographic methods and a spectrophotometric method for the
determination of gold in silver assay beads. The results indicate that
the determination for gold in beads can be accomplished with equal
precision and accuracy by the three methods. :

VARI0Us wet and dry methods have been proposed for the determination of gold in
ores, concentrates, erc. From the practical point of view, the most useful of these is
the classical fire assay in which lead and silver serve as the collector. The resulting
lead alloy or button is cupelled to form finally a silver-gold alloy, which may be
parted by acids to give gold which is weighed directly.

For microgram amounts of gold particularly, the classical method has sometimes
been modified to allow the application of spectrographic or spectrophotometric
adaptations. The latter techniques required dissolution of the parted residue in aqua
regia and, subsequently, the removal of nitric acid by evaporations with intermittent
additions of hydrochloric acid. This process is time-consuming, and, therefore,
spectrographic methods are frequently used in those laboratories where suitable equip-
ment is available. By this process a great many determinations can be completed
during a single day. While various opinions have been entertained concerning the
relative accuracy of the two methods as applied to silver-gold beads, no information
has been recorded to allow a reasonable comparison. The present work was under-
taken to provide such results and, in order to ensure an acceptable conclusion, the
spectrographic results were obtained from two laboratories, each employing a
distinct technique, and each having extensive experience in the application of their
methods. These were the research laboratories of Falconbridge Nickel Mines
Limited at Thornhill, Ontario and the Laboratory Branch of the Ontario Department
of Mines at Toronto. The spectrophotometric analyses were made in the chemical
laboratories of the University of Toronto, from which the.gold solutions were
distributed without revealing the standardised values. The following report
includes a description of the three procedures used together with the results obtained.

EXPERIMENTAL
Apparatus and reagents

Cupels. Obtained from A. P. Green Fire Brick Co. Ltd., Toronto, Canada.

Beckman Model B spectrophotometer with 5-cm Corex cells.

*“Hevi-duty” muffie furnace

Applied Research Laboratories two-metre grating spectrograph

* C. L. Lewis, Manager, Falconbridge Nickel Mines Limited, Metallurgical Laboratories,
Thornhill, Ontario, Canada.

1 D. A. Moddle, Chief Laboratory Branch, Ontario Department of Mines, Toronto, Ontario,
Canada.

7 21
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Standard gold solution. Prepared by dissolving spectrographically standardised gold in aqua
regia, removing nitrous acid by evaporating 3 times in the presence of a few drops of HCI and a few
mg of NaCl. The solution was standardised by hydroquinone.! Dilute gold solutions were prepared
by a suitable dilution with 0-1M HCl. All other chemicals were reagent-grade.

Lead-gold allays. Prepared by constructing lead boats from sheet lead and adding the desired
volume of standard gold solution. This procedure avoided any possibility of loss of gold through
faulty collection by the complete assay fusion procedure.

A 47 x 6" sheet of lead foil was folded into a boat with a base area of 2” x 4”. Five ml of a
standard gold solution were added by a calibrated pipette to the boat, and the solution was then
evaporated overnight in a steam cabinet. Ten mg of silver powder were added to the boat, which was
then folded carefully to a roll approximately 1-5” x 0-75” diameter, weighing 20-23 g.

Procedures

The lead buttons were cupelled on S. A. No. 8 cupels to isolate the gold-silver alloy. The opening
temperature was 9807, the 20-30 min drive occurred at 950° and the finishing temperature was 980°.

The silver beads were parted in a small beaker by adding 5 ml of 1:2 nitric acid and heating to
incipient boiling. Heating was continued for 5-10 min until all of the silver was dissolved. The
contents of the beaker were filtered through a 7-cm No. 42 Whatman paper, and the paper and beaker
were washed thoroughly with water. Any silver chloride was removed by washing with 1:1 aqueous
ammonia and then with water. The paper and the gold residue were transferred to the parting

TABLE 1.-——~RECOVERY OF GOLD BY THE COLORIMETRIC METHOD

Gold added, Gold found, Average,
g Hg Hy
Blank 1-7 1-3 17 1-5 1-6

1-5 1-5 1-5 +0-1
17 19 1-5
19-1 20-1 19-7 19-3 18-7
20-5 19-1 20-3 19-7 19-8 18-7
+0-2 (24-2) 19-4 19-7 19-3 —
19-5 20-3 199 20-5 20-3
19:5 20-5 199 21-4 199
19-5 21-0 20-1 212 19-7 199
+0-5
39-8 380. 394 38-8 390
39:0 400 39-4 390 39:0
406 (63-9) 39:0 372 39:2 37-8
+0-1
39-4 394 40-8 39-8 394
396 39-6 37-6 396 40-2
39-6 — 39-8 400 39-6 393
+06
570 56-8 60-0 54-1 60-0
572 59-5 59-5 578 60-4
568 566 55-8 58-5 58-7
60-8
+0-3 58-5 565 550 583 59-1
59-5 576 57-0 58-3 58-9
58-3 — 59-1 56-6 58-3 58-0
+1-2

beaker, which was heated overnight at 450° to burn the paper. Two to three ml of aqua regia were
added, and the solution was then evaporated to dryness three times in the presence of 1 ml of 27
aqueous NaCl and a few drops of HCL. The residue was dissolved in an aqueous solution con-
taining 107 hydrobromic acid and 0-27; hydrochloric acid, and made up to a volume of 25-0 ml.
The absorbance of the bromaurate was measured at 380 mu in 5cm cells against a water blank.
A standard curve was prepared by adding hydrobromic acid to dilute gold solutions. The results are
recorded in Table I. Blank lead buttons and lead buttons containing aliquots of standard gold
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solutions were cupelled and treated as described. Resuits for blanks and standards are recorded in
Table I. These results provide sufficient evidence that the spectrophotometric method, applied to
the determination of gold in beads, may be used to determine the relative efficiencies of the spectro-
graphic method.

The following modification of the spectrographic method, developed by Scobie,® was used by the
Ontario Department of Mines for the spectrographic analysis of silver beads.

Silver beads weighing approximately 100 mg were formed in a small steel die and mounted on
pointed copper rods. The mounted silver bead as the lower electrode was arced against a conical-
tipped graphite electrode using a high-voltage (5 KV) a.c. arc at 2:2 amp. An applied Research

TABLE 1I.—COMPARISON OF AMOUNTS OF GOLD RECOVERED FOR THE THREE
METHODS FOUND

Gold found, ug
Gold added,* Colorimetric Spectrographict Spectrographic}
Uy
0 0 0-6 8 8 8 5 5 5
Ave, 015 8 8 8
8 5
20-8 20-8 20-8 208 20-8 21 20 21 21 2 20
20-8 20-8 21-0 20-8 21-0 22 20 21
208 212 201 201 193
201 20-1 19-7
Ave. 209 Ave. 20-4 Ave. 21 Ave. 21
+01 +0-5 +0-5 +1
41-5 415 41-1 416 419 38 42 40 39 42 4
413 419 41-3 43-5 — 39 38 39
42-1 419 398 394 40-9
42-1 39-8 40-6
Ave. 417 Ave. 41-1 Ave. 39 Ave, 41
+0-3 +0-9 +1 +1
61-2 61-4 61-6 616 61-2 59 60 61 62 60 62
61-2 623 61-8 63-2 61-4 57 53 54 64
62-3 62-3 59-7 601  (30-7)
60-0 61-2 60-8
Ave. 61-8 Ave. 61-1 Ave. 57 Ave, 62
+0-5 +0-7 +3 *1

* These values were obtained for the standard curve and therefore represent the precision of the
measurement.

1 Falconbridge Nickel Mines Limited

 Ontario Department of_ Mines, Laboratory Branch

Laboratories 2-metre grating spectrograph was used. The film was calibrated by the iron line-
group method of Dieke and Crosswhite.>* The silver background adjacent to the copper line at
3274 A was used for internal standardisation, The gold line used was 2675-95 A. A calibration curve
was established from standard beads prepared by evaporating aliquots of standard gold solutions
in lead boats, adding 100 mg of silver and cupelling. The weight of gold was calculated from the
percentage of gold in the silver, and the accurate weight of the silver bead.

The Falconbridge spectrographic method involved an arrested cupellation of the lead buttons.
The procedure has been used for the determination of silver, gold, platinum, palladium and rhodium.®

Lead buttons were cupelled to a weight of approximately 50 mg. The cupel was removed from
the furnace and placed in a stream of nitrogen so that the bead was instantly frozen without oxidation.
With experience, the bead weight could be judged accurately before freezing,

Four holes, approximately 1/32” deep, were pricked in the top of a clean, copper electrode with a
center punch. The lead bead was attached firmly to the top of the copper rod by covering the bead with
aluminium foil and tapping it with a hammer until flattened. The copper rod served as the lower
electrode and was made the cathode. The samples were sparked against a graphite anode with a peak
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voltage of 20 KV and a radio frequency current of 5 A. Lead was used as an internal standard
employing the line at 3118:92 A. The gold lines used were at 2675:95 A, 2427-95 A and 3122-78 A.

Standards used for calibration were prepared by melting pure lead in a graphite crucible, and
dissolving various amounts of gold, silver and several platinum metals. The weight of gold in the
.;a:zlgle was calculated from the percentage of gold in the lead and the accurate weight of the lead

In pref?aration for the comparison of the accuracy and precision of the described methods a
set of artificial lead buttons was prepared as described above. These buttons were made up of samples
of four different concentrations: 0 (blank), 20, 41 and 62 ug of gold. Each of these weights was
contained in 5 ml of standard solution. Each lead button contained 10 + 1 mg of silver and weighed
approximately 20 g. Simultaneously with the preparation of these buttons, the above three weights
of gold, each in 5-ml aliquots, were treated with hydrobromic acid, as described in the procedure, and
the absorbances were determined from the standard curve. This procedure was followed to allow
a direct comparison of the absorbance values with those obtained for the button. This precaution
avoided the usual error of dilution, and was preferred to a calculation of the gold content from the
gravimetric values. In this way an estimate of precision is also achieved.

Several sets of the four different gold concentrations were determined by the colorimetric pro-
cedure described after cupellation. Other sets of samples were analysed spectrographically, after an
arrested cupellation of the button, by the Falconbridge Nickel Company. Buttons for the Pro-
vincial Assay Laboratory were adjusted to contain 100 mg of silver by addition of silver powder, and
were subsequently cupelled. The results for samples analysed by the three methods are recorded
in Table II.

DISCUSSION

The results recorded in Table I prove that the colorimetric procedure described
may be used for the determination of the gold content of lead buttons. Table II
indicates that the determination of gold in beads can be accomplished with equal
accuracy by the spectrographic determination in silver-gold beads or in lead-silver-gold
beads, and by a colorimetric determination as bromaurate.

Acknowledgment—The authors are grateful to W. L. Ott of Falconbridge Nickel Mines Limited
and W. D. Taylor of the Ontario Department of Mines for the spectrographic results.

Zusammenfassung—Dieser Bericht vergleicht die Genauigkeit zweier
bekannter spektrographischer und einer spektrophotometrischen
Bestimmungsmethode fiir Gold in Perlen von der Silberprobe. Die
Ergebnisse zeigen, daB die Goldbestimmung in den Perien mit gleicher
Genauigkeit und Richtigkeit nach allen drei Methoden durchgefithrt
werden kann.

Résumé—Dans ce mémoire, on compare les précisions de deux méth-
odes spectrographiques et d’une méthode spectrophotométrique
établies pour le dosage de I'or dans les perles d’essai en argent. Les
résultats montrent que le dosage de I’or dans les perles peut étre effectué
avec une méme précision et une méme justesse par trois méthodes.
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Summary—This review provides some factual information on the
knowledge which has been assembled on chelating resins, particular
emphasis being placed on their contribution to basic research into
complexation reactions and on the fact that they add another unit
operation to the analytical separations available.

CHELATING resins are ion exchangers in which various chelating agents have been
incorporated. Examples are dimethyglyoxime or iminodiacetic acid introduced into
the matrix of a styrene-divinylbenzene polymer. These substances—invented some
ten years ago—combine two well-known analytical processes: ion exchange and
complexation reactions. The combination of the two processes in one single system
is an innovation which greatly enlarges the scope of fundamental knowledge about ion
exchangers and their applications.

Chelating ion exchangers are distinguished from the ordinary type of ion exchanger
by three main properties:

(a) High selectivity. The affinity of particular metal ions to a certain chelating ion
exchanger depends mainly on the chelating group and not on the size of the ion, its
charge, or other physical properties which determine the order of preference in the
case of the ordinary ion exchanger.

(b) Bond strength. In ordinary ion exchangers the binding is electrostatic with a
strength of the order of 2-3 kcal/mole, while in the resins dealt with here the binding
energy is of the order of 15-25 kcal/mole.

(c) Kinetics. While in the ordinary type of exchanger, exchange processes are more
rapid and controlled by diffusion only, which is itself a function of the mobility and
the concentration gradient of the ions entering and leaving, the exchange process in
a chelating exchanger is slower and controlled either by a particle diffusion mechanism
or by a second order chemical reaction.

These three differences point the way to a further extension of the separation
possibilities of cations and anions in different media on a chelating ion exchanger.
The interesting property of this material to act as a solid complexing agent combined
with the ability to carry out complexing processes in two-phased systems—solid—
liquid—further widens the scope for fundamental research into complexation
mechanisms.

It is the aim of this review to provide some factual information on the knowledge
which has been assembled on chelating resins, particular emphasis being placed on
their contribution to basic research into complexation reactions and on the fact that
they add another unit operation to the analytical separations available.

281
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TYPES OF RESIN AND THEIR PREPARATION

Information on chelating groups introduced into a polymer matrix has already
been partly summarised in previous reviews!:2 and by Rieman and Breyer.? In the
present review, therefore, only the important new types that have been added in the
meantime are covered.

Polyvinylacetonyl ketone*

This resin is prepared by ionic polymerisation of vinyl methyl ketone and its
simultaneous condensation with acetic anhydride. The relevant reaction may be
described in the following general form:

CH,;—CH—C—CH, + (CH,C0),0 —2F2> F—CH,—CH—_
(”) c=o
Cu,
&
"

The monomer analogue of this polymer is acetylacetone, the chelating properties
of which are well known. So far only the stability constants of the polymer with
copper(1I) and uranyl ions have been determined (log Kyo,2+ = 8-8; log Kgy+ = 7-0).

Phosphonic acid groups incorporated into a phenol-formaldehyde matrix®®
The reaction takes place in stages:

PCl, 292> CICH,POC], X208, ~1CH,PO,Na,

C,H;ONa + CICH,PO,Na, —2%» C,H,0CH,PO,H, -+ 3NaCl + H,0

C,H,0CH,PO,H, + CH,0 —2—> CH,—PO,* CH,—PO,*-

| |
o o]

Sane

This resin shows special chelating properties with respect to the Cu(NH,),2* ion,
and it may be expected to show a strong affinity to other metalions producing phosphate
complexes, which have, however, not yet been investigated. The chelating property
of this resin is proved by the fact that the elution of metals with a salt extracts only
59 of the metals, while with an acid above 909, are eluted.

Iminodiacetic acid in a styrene-divinylbenzene matrix

This resin is known under the trade names of Dowex Chelating Resin A-1 and
Chelex 100, and it is the only one available commercially and of which the physical
and chemical properties have been explored to any extent.

For the synthesis of this substance chloromethylated styrene-divinylbenzene is
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used as the starting material, which undergoes a process of amination and is then
treated with monochloracetic acid:

—CH—CH, —CH—CH,— —CH-—CH,

| | l
= = omacoon . [
\ | NH, ~ | — o I

\ \ \

CH,Cl CH,NH, CH:N

CH,COOH

CH,COOH.

Details of this synthesis are given in the patent published by the Dow Chemical
Company.”

Polymers of the same type, but with other amino acid functional groups—glycine,
nitrilotriacetic acid and the like—have been synthesised and characterised by Morris
et al. . Hering®!® and Blasius and Bock.4! '

Copolymers of the phenol-formaldehyde type

Pennington and Williams®® polymerised formaldehyde with various derivatives
of phenol, such as o-aminophenol, resorcinol, f-resorcylic acid, efc., and obtained
ion exchangers possessing superior selectivities for transition and alkaline earth
metal ions.

Glyoxal-phenol derivatives

Considerable publicity was given recently to the work of Bayer,3® who succeeded
in constructing very specific chelating agents and incorporating them into macro-
molecules. He condensed o-aminophenol with glyoxal and obtained glyoxal-bis-2-
hydroxyanil in a polymer matrix as a result. This substance shows a high affinity
for copper, uranyl and nickel ions. The structure of the ligands taking part in the
co-ordination process is as follows

o "o
SOpS
AN s
I
HC—CH

The ions of the metals referred to are bound to the ligands at four locations (2
oxygens and 2 nitrogens) and in addition to 2 water molecules.

In a similar fashion Bayer synthesised another reagent, which instead of the
hydroxylic groups contained mercapto groups, and he obtained a polymer specific
for gold, silver and mercury ions. With this reagent Bayer extracted 1-4 ug of gold
from 100 1. of sea water.

A polymer containing the ligand dimethylaminobenzylidenerhodanine

This reagent, which commonly serves for the photometric determination of the
copper group and the noble metal ions OsO,2-, Pt*+ and Pd**, was introduced into a
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polymer matrix by Lewandowski and Zczepaniak.®® The chelating ion exchanger
obtained showed selective absorption properties for these metals.

Oxygen donor ligands incorporated in a resin
Blasius and Kynast# introduced the following ligand into a resin matrix

T
0]

OH
X
T
CH,—C=0
The resulting resin showed a strong affinity for zirconium(IV), the structure of the
complex obtained being octahedral.

FUNDAMENTAL PROPERTIES
Structure of the resins

The relationship between the number of rings substituted by chelating ligands
and the total number of rings, is found by elemental analysis of the resin. Work of
this kind has been undertaken by Schwartz!! as well as by Loewenschuss and Sch-
muckler,!? who investigated the number of substituted rings in Dowex A-1 and found
that of every 8 rings in the resin 5 are substituted with iminodiacetic acid.

Information on the location of the charges in the functional groups may be
obtained by means of the infrared spectrum of the resin at various pH. A qualitative
analysis of the Dowex A-1 resin was made by Schwartz!! at various pH, with the resin
immersed in a buffer solution of acetic acid-sodium acetate and at constant ionic
strength.

The locations of the various groups as a function of pH, as obtained by Schwartz,
are as follows:

CH,COOH CH,COOH CH,COO- CH,CO0-

/ / /
RCH,NH*NO,~ —> RCH,NH* —> RCH,NH* —» RCH,N

AN AN AN
CH,COOH CH,C00-  CH,CO00-  CH,COO0-
pH 221 —» 3:99 —> 741 —> 12:30.

He arrived at these conclusions through the following experimental observations.
At low pH in a sodium nitrate medium a characteristic absorbance of the nitrate ion
was found at 7-21 u, which means that in an acidic medium Dowex A-1 acts as an
anion exchanger, assuming the form of a quaternary ammonium salt of the type
RyNH+NO;™. A further characteristic absorbance at low pH was found at 5-70-5-75 u,
which proves that the carboxylic groups present are non-ionised. With rising pH
this absorbance disappears. At high pH (12:3) an absorbance appears at 9-0 u,
proving the presence of a tertiary amine.

Swelling

This is a measure of the elastic properties of a resin and a very important source of
information for thermodynamic and kinetic data. The water uptake (or swelling)
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of chelating resins is especially pronounced because of their low cross-linking. In the
case of Dowex A-113 the volume of the resin in the hydrogen form is 0-45 and in the
sodium form 1-00. These large differences in volume are a great disadvantage in
column operation.

Schwartz! investigated the changes in the swelling of Dowex A-1 as a function of
pH, in the presence of sodium and zinc ions, respectively. In the sodium form there
is an appreciable rise in swelling as the pH increases, whilst in the zinc form the rise
is slight. This is because the co-ordination sites in the case of zinc are occupied by
iminodiacetic acid, so that water cannot penetrate into the resin.

Krasner and Marinsky measured the water uptake of Dowex A-1 at various pH
in order to get osmotic coefficient values, which are necessary for determining the
dissociation of the iminodiacetic acid groups in this resin.

Acidity constants

The functional groups incorporated in macromolecules must have pKa values
approaching those of the monomeric complexants. Taking Dowex A-1 as an example,
three acidity constants may be expected. Iniminodiacetic acid, the analogous monomer,
Chaberek and Martell'® determined only two such constants, the third being difficult
to establish experimentally. Marinsky and Krasner'® showed that in the resin Dowex
A-1 the functional groups exist in three forms in different pH ranges. He determined
the first acidity constant by means of potentiometric titration with sodium hydroxide,
the value obtained being 1-2 x 1073, which is close to the first constant of the monomer
iminodiacetic acid® (2-9 x 10~3). He then proceeded to determine the third constant
of the resin, which has a mildly alkaline form and of which the structure is

I
CH,—C—O~

I
—R——II\IHOH
CH,—C—O-
|
o

This was achieved experimentally by potentiometric titration with sodium hy-
droxide labelled with 2*Na and by controlling the activity of the sodium and hydrogen
ions in both the aqueous and the solid phases. The value obtained was 1074,

Recently, Krasner and Marinsky redetermined the first acidity constant with
the aid of a different, more accurate approach, namely, taking potentiometric neu-
tralisation titration data and water absorption measurements as a function of pH and
using an equation which is a combination of the Gibbs-Donnan equation and that
of Katchalsky, in order to introduce the corrections necessary for obtaining the
thermodynamic values. The second acidity constant is difficult to obtain experi-
mentally, because the second end-point in the potentiometric titration with sodium
hydroxide is not sharp. Leyden and Underwood showed that if this titration is
carried out in a medium of isopropyl alchol with tetra-n-butylammonium hydroxide
as titrant, equilibrium is reached much more rapidly and two sharp end-points are
obtained. No attempt was, however, made to pass from the apparent values resulting
from that titration to thermodynamic values.



286 G. SCHMUCKLER

Acidity values have also been determined for other polymers, such as PAK
(polyvinylacetonyl ketone) and PAA (polyacrylic acid). This work was done by
Gregor, Luttinger and Lobel,'® who carried out potentiometric titrations with sodium
hydroxide in order to correlate pH with « (the degree of neutralisation.) The acidity
constants were then obtained through the Henderson-Hasselbach equation.

Trostyanskaya and Nefedova!® synthesised a resin containing the ligand di-
ethanolamine as the functional group and studied its properties. They, too, titrated
the resin with sodium hydroxide and found two end-points, one at pH 5-0, the other
at pH 10-5.

Stability constants with metal ions

For determining the stability constants of the various metal ions with the chelating
resins the stoichiometry of the reaction between the two must first be established,
i.e., the amount (mmoles) of functional groups in the resin needed for each mmole
of metal ion. It was found that two stoichiometric ratios are possible, depending on
the experimental conditions.

In the case of Dowex A-1, in contact with trace quantities of metal ions, complexes
of the ratio 1 : 2 (of the form MR,) are formed, as between the metals and imino-
diacetic acid in solution. Marinsky?®® and Hering®! independently determined the
first constant of such complexes by potentiometric titrations for nickel and copper
ions, obtaining numerical results that were very close to the first constant between
iminodiacetic acid and these metals in solution.

If the process takes place in the presence of an excess of metal ions, complexes of
the ratio 1:1 (of the form MR) are formed. Loewenschuss and Schmuckler!'® showed
that the resin had the same maximum capacity for Cu®+, Fe?+ and Th**, and that for
each mmole of nitrogen in the resin 1 mmole of metal ion is adsorbed irrespective of
the charge (which is analogous to complexation with EDTA). They also determined
the apparent stability constants of copper and nickel with the resin through competing
equilibria of the metal ions between the ligand N-hydroxyethylenediaminetriacetic
acid and Dowex A-1. Gregor, Luttinger and Loebl® determined the stability constants
of metal ions with the resins PAA and PAK by potentiometric titrations of the resin
with sodium hydroxide both in the presence and in the absence of complexing metal
ions. In order to calculate the constant from the experimental data they used a
modification of Bjerrum’s method.

Kinetics

Three investigators carried out experiments with a view to finding the rate de-
termining step in the chelating exchange process on Dowex A-1. Turse and Rieman3
used a modified limited-bath technique in order to study the exchange kinetics of
several pairs of metals: calcium-magnesium, sodium—calcium, efc., and concluded
that the rate-determining step is controlled by a second-order chemical reaction, the
size of the particles having no effect.

Other workers, however, reached the conclusion that the rate determining step is
controlled by particle diffusion. Heitner-Wirguin and Markovitz*®® also used the
limited-bath technique in order to examine the exchange rate between the sodium
form of Dowex A-1 and the metals strontium, calcium and magnesium. They showed
that the graphic correlation of Bt versus ¢ (where B = a constant dependent on the
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radius of the particles and the diffusion co-efficient, and ¢ = time) gives straight lines
crossing the origin irrespective of either the temperatures at which the experiments
are carried out or of the radii of the particles. Measurements at different temperatures
enabled them to calculate the activation energies and to show that these energies are
higher in the case of a chelating exchange than in that of an ordinary exchange.
Schwartz, Marinsky, and Spiegler® came to a similar conclusion through a different
experimental approach. They carried out self-exchange measurements using %Co,
22Na and %Zn isotopes in a manner similar to the experiments conducted by
Boyd and Soldano® with ordinary ion exchangers. Their approach has the advantage
that there are no swelling changes of the resin during the exchange process and no
changes in the mobility and the charge of the exchanging ions, so that the system
contains fewer variables and is less complicated. The divergence over the two pro-
posed mechanisms now seems to have been settled in favour of the diffusion-con-
trolled rate-determining step. Thus, the recent work of Varon and Rieman® has
shown that Turse and Rieman’s earlier conclusion, that the rate-determining step
is controlled by a second-order chemical reaction, was based on an experimental
error in establishing the capacity of the resin. The error was due to the fact that when
the sodium form of the resin is washed with water, partial hydrolysis takes place,
which reduces the sodium capacity of the resin. To overcome this difficulty, a new
series of experiments was carried out by the shallow-bed method, and this led to the
conclusion reached by the other workers.

Similar work was carried out by Hojo,*® who used a different resin for silver,
mercury and copper ions. He, too, reached the conclusion that the process is con-
trolled by particle diffusion.

PRACTICAL APPLICATIONS
Uses in nuclear chemistry

It seems that chelating resins could serve as valuable tools for the production of
radioactive tracers of high specific activity using the Szilard-Chalmers method
(an n,y reaction). Neutron activation of a chelating resin to which metal ions are
bound leads to a reaction which may be schematically described as follows:

R-chelating ligand-M* +- n — R-chelating ligand . . . M®

where x is the atomic weight of the metal ion.

The bond of that portion of the metal ions bound to the resin which undergoes an
n,y reaction will be weakened, so that the labelled ions may be liberated from the
resin by shaking the solid with a solution containing the metal ion M as carrier. In
this manner a solution of high specific activity may be obtained, but the method has
so far not been tried in practice.

Other applications in this field were made by Forberg and Lundgren,? who
separated transition metal ions (Ni**, Cu?*) on Dowex A-1 from irradiated Na,PO,.
Christell, Forberg and Westermark® measured the exchange between lanthanum
and copper in a copper-saturated Dowex A-1 resin, by measuring the activity of
0] 3 in both the resin and the solution phases. The same workers also tried to
separate two lanthanides (La®*+ and Lu®*) on a column of calcium-saturated Dowex
A-1, but it seems that this separation has, as yet, no practical advantage over more
conventional separation techniques for the lanthanides using ordinary ion exchangers.
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Separation possibilities

Hering®-%” absorbed a number of transitior and alkaline earth metals on columns
containing resins with aminocarboxylic groups, then eluted the metals with dilute
acids, and showed the relationship between elution curves and pH. He defined a new
concept, the decomplexation pH (DpH): during the acidic elution process of a mixture
of metals, each of the latter will appear in the eluent with a certain, characteristic
pH, which is dependent on the stability constants of the various metals with the
chelating resin. Correlation of the metal ion concentration leaving the column versus
the pH produces the desired DpH values, which may also serve to calculate the
stability constants of the metals with the chelating resin. Schmuckler and Friedman?®
showed that the separation possibilities of metal ions on Dowex A-1 could be extended
by the use of selective complexing agents in the feed and elution stages.

Helfferich®-% widened the scope for utilising ion exchangers by establishing that
besides metals, ligands, too, could be separated on these resins. He called this process
ligand exchange, which means, in effect, that if the resins contain complexing metal
ions, e.g., Cu®t, Ni?t or Agt, the solid sorbent may be used for selective exchange of
the ligands bound to these metals, e.g., amines. With this idea he made an important
contribution to the chromatography of ligands extant in nature-proteins, etc.

Recovery of traces of metal ions

Turse and Rieman* succeeded in absorbing 1-00 ppm of Cu®* from a medium of
1M ammonium chioride on Dowex A-1 with a 999, recovery or better. A concen-
tration of 0-32 ppm of Cu?* from 0-5M sodium chloride (ratio of electrolyte to copper
of ca. 100 : 1) was achieved on other chelating resins by Pennington and Williams.2®
These examples prove that the strong bond of the metals to the chelating resins
enables them to be extracted from very dilute solutions of high ionic strength, a
process impossible with ordinary exchangers.

Miscellaneous analytical determinations

The most important use in this field is the determination of calcium in sodium
hydroxide®! and in lithium salts.3® The small quantities of calcium (2-10 ppm) present
in these salts were absorbed on Dowex A-1 resin; the calcium was then eluted from
the resin with 2M hydrochloric acid and titrated complexometrically.

This use may be extended to the analytical determination of traces of complexing
metal ions in pure salts and other compounds, where the metal jons must first be
concentrated before they can be determined analytically.

Extraction of metals from complexing media and slightly soluble salts

It has already been shown that complexing metal ions may be extracted from a
complexing medium, e.g., coppér from a chloride, ammonia or phosphate medium.
What has to be clarified is the mechanism of binding, a problem attacked by Loewen-
schuss and Schmuckler,'? who made equilibrium measurements of copper ions bound
to bi- and tridentate aminocarboxylic ligands brought into contact with measured
quantities of Dowex A-1. They showed that with each copper atom entering the resin,
1 molecule of the ligand to which the copper is bound in solution also enters. In
other words, Dowex A-1 may serve as a solid chelating agent in which a definite
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quantitative relation exists between the absorptive capacity and the quaatity of com-
peting ligands (in the solution phase and in the resin). Rich® showed that even
slightly soluble salts of various metals, e.g., lead sulphate or calcium fluoride,? may
be dissolved with the aid of Dowex A-1, dissolution being fairly rapid (5-60 min),
but the mechanism of this process is not yet clearly understood.

CONCLUSION

The process of chelation in the solid phase presents a challenge both for basic
research and to the industrial chemist looking for new analytical methods. The field
is as yet rather young, and it is developing slowly because of the scarcity of suitable,
commercially available substances. The only one of which the properties could
be investigated and for which uses could be found is the resin Dowex A-1 (Chelex-100)
and it is this that has been mentioned on several occasions throughout the present
paper. If any advances are to be made in this field, a great deal of synthetic work
must be invested with a view to enlarging the variety of ion exchangers having different
ligands. The aim of such syntheses should be to devise substances of high selectivity
and rapid exchange. As regards selectivity, Bayer®? stressed the interesting fact that
chelating ligands bound to macromolecules have a higher selectivity for certain metal
ions than the same ligands in their monomer form because of their particular steric
arrangement. This is not so with the resin Dowex A-1, but for proteinic mercapto
groups Bayer could show that while in solution they had affinities to a number of
metal ions, on a macromolecule they had an exclusive affinity to copper.

Résumé—Cette revue apporte des renseignements expérimentaux,
concernant les connaissances que l'on a rassemblées sur les résines
chélatantes. On insiste particulitrement sur leur contribution a la
recherche de base dans les réactions de complexation, et sur le fait
qu’elles ajoutent une autre technique fondamentale aux séparations
analytiques existantes.

Zosammenfassung—Diese Ubersicht vermittelt einiges Tatsachen-
material dber chelatbildende Harze. Dabei wird besonderer Nach-
druck auf ihren Beitrag zur Grundlagenforsch iiber Komple-
bildungsreaktionen gelegt sowie auf die Tatsache, dag ihre Verwendung
sich als neue Grundoperation den bisher bekannten analytischen
Trennverfahren zugesellt.
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SHORT COMMUNICATIONS

Colorimetric determination of vanadium(V) with 4-(2-pyridylazo)-resorcinol
(Received 18 May 1964. Revised T October 1964. Accepted 9 October 1964)
4-(2-PYRIDYLAZO)-RESORCINOL (PARY has 'been widely used as a reagent for the colorimetric deter-

mination of metal ions, e.g., niobium,** uranium,®-° cobalt,*'® lead,® thorium,!* scandium,'*.¢
indium,*:1* gallium'*'® and palladium.!®
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F16. 1.—Absorption curve of vanadium(V) complex with PAR:

1-—PAR vs, water; 2—V + PAR vs, PAR; 3—V + PAR ovs. water,
(0-5 ymole of V5+; 5 umole of PAR; 1 ml of buffer; volume, 25 mi; 1-cm cuvette).
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FiG. 2.—Molar ratio method (0-5 umole of V&+; 1 ml of buffer; 0-1-4 umole of PAR ;
volume, 25 ml; 1-cm cuvette; 550 mu vs. water).**
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We have now found that with PAR vanadium(V) gives a very sensitive violet coloration suitable
for colorimetric determination of the latter. The absorption maximum is at 550 mu (Fig. 1), where
the absorption of the reagent itself is only small. The composition of the complex has been investigated
by three methods (Figs. 2, 3 and 4), which all show that the V:PAR ratio is 1:1. The Bouguer-
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Fic. 3.—Continuous variation method:2.31
@—1 umole of V*+ + PAR; 1 ml of buffer; volume, 25 ml; 1-cm cuvette; 550 mu;
with correction for PAR;
Q—the same, but with 0-5 umole of V*+ + PAR.
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Fig. 4.—Harvey-Manning plot for V-PAR complex:*?
©—0-05-0-3 umole of V*+; 1 ml of buffer; sodium chloride medium (u = 0-5);
5 umole of PAR; volume, 25,ml; 550 mu vs. PAR; 2-cm cuvette;
O—the same, but vice versa—with excess of V** and insufficiency of PAR, vs. water.

Lambert-Beer law is followed over a wide range of concentrations (0-04-1 xg/ml), which permits the
determination of 1-5 ug of vanadium(V) in 25 ml of test solution. The sensitivity of the proposed
method is one of the highest known for vanadium (Table I). The V-PAR compl:x is stable over a
wide pH-range, so that various buffer solutions can be used (Fig. 5).

In a previous paper®® it has been established that 1,2 iaminocyclohexanetetra-acetic acid
(DCTA) has a specific action towards quinquevalent vanadium ions in that it does not form stable
complexes in contrast to most other metal ions. This fact was used for increasing the selectivity of the
colorimetric determination of vanadium with Xylenol Orange (XO) and more than 20 ions do not
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Fig. 5.—pH-Dependence of the optical density of vanadium(V) complex with PAR
(0-S pmole of V*+; 2 ml of buffer; 10 umole of PAR; volume, 50 ml; 1-cm cuvette;
vs. water.)

TABLE I.—SENSITIVITY OF VARIOUS COLORIMETRIC METHODS FOR THE
DETERMINATION OF VANADIUM .

Sensitivity, Molecular
pg of Viem® extinction
Method (for log 1,/1 = 0-001) coefficient

Hydrogen peroxide 0-1800 (450 mu)** 300 (450 mp)ss
Phosphotungstic acid 0-0200 (375 mu)* 2000 (400 mu)**
8-Hydroxyquinoline (CHClI, extraction) 0-0160 (550 mu)** _
PAN (CHCI, extraction) 0-0030 (615 mu)*® 16900 (615 mu)**
Xylenol Orange 0-0026 (530 mu)*® 13000 (520 my)*®
PAR (in presence of DCTA) 0-00i4 (550 my) 36000 (550 mu)

then interfere with the determination. Hence, the influence of DCTA on the V-PAR complex has
been studied and it has been established that the latter acts in a similar manner to the V-XO complex:
a 5000-fold molar excess of DCTA. decreases the optical density by about 409 in respect to its
nominal value (regardless of the pH of the solution in the range 5-8). EDTA breaks down the
complex, but tartaric acid, oxalic acid, sodium fluoride, ezc., have little influence. The maximum
optical density of a V-PAR solution in the presence of DCTA is attained within 30 min, probably
because of the equilibrium between the DCTA-V and PAR-V complexes; the optical density then
remains constant for 2 hr.

The presence of DCTA prevents the reaction of many metal ions with PAR, making this method
one of the most selective for determination of vanadium. The influence of 30 ions has been studied
and the maximum ratios below which no interference is observed are given in Table II. Only a few ions
have a considerable influence on the proposed method, e.g., niobium, uranium and titanjum. Other
ions, such as indium, molybdenum, tin and thallium, do not interfere in moderate amounis, while the
rest of the tested ions have no influence over a wide concentration range. The calibration curve must
be constructed at a constant concentration of DCTA against a blank containing a constant coricentra-
tion of PAR. In the presence of coloured ions the blank should be prepared with the same concen-
trations of the relevant ions.

Procedure. Add to 5-15 ml of slightly acidic test solution, containing 1-5 ug of vanadium(V),
5 ml of 0-05M DCTA, 1 ml of 2M ammonium acetate (adjusted with acetic acid to pH 5-5 using a
glass electrode and pH-meter) and 2 ml of 0-001M PAR. Dilute to 25 ml. Measure the optical
density of the solution after 30 min on a spectrophotometer at 550 mu or on a Pulfrich photometer
(filter S53) in a 5-cm cell against the same concentration of PAR, DCTA and buffer.

The proposed method has many advantages compared with other colorimetric methods for
vanadium. It has a high sensitivity and the interference from many elements can be masked with
DCTA. Also, PAR undergoes no acid-base change within the pH-range in which the vanadium
complex is suitable for colorimetric determination. Finally, the pH-range for development of the
V-PAR coloration is fairly wide, the actual development of the coloration is relatively quick and

8
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TasLE II.—DETERMINATION OF 1 ug OF VANADIUM IN THE
PRESENCE OF FOREIGN IONS

Weight .
Foreign ion, ratiogof w
ng Vé:+:Me Found Difference

Fed+ 5000 1:5000 1-00 +0-00
Als+ 10000 1:10000 1-08 +0-08
Pb?+ 5000 1:5000 1-04 +0-04
Zn?t 5000 1:5000 1-04 +0-04
Cu?t 5000s 1:5000 0-96 —0-04
Mn?*t 50002 1:5000 091 —009
Co®+ 5000 1:5000 1-08 +0-08
Niz+ 50008 1:5000 1-08 +0-08
Bit+ 200° 1:200 1-06 +0-06
Sné+ 3Qv.c 1:30 1-01 +0-01
T3+ 507 1:50 1-08 +0-08
Sbs+ 100v.¢ 1:100 0-96 —0-04
Gast 2000" 1:2000 1-05 +0-05
In3+ 10v 1:10 090 —0-10
La%+ 2500 1:2500 1-01 +0-01
Y3+ 100V 1:100 1-00 +0-00
2+ 200r 1:200 1-08 +0-08
Ca®t 1250v 1:1250 1-00 +0-00
Sr2+ 5000 1:5000 1-06 +0-06
Ba?*+ 25000 1:2500 1-05 +0-05
Tit+ v 1:1 1-00 +0-00
Zr+ 154 1:15 1-09 +0-09
Nbs+ Q-50.c 1:0:5 1-15 +0-15
CrO,* 50000 1:5000 1-04 +0-04
MoQO,*- 500 1:50 1-00 +0-00
WO, 250v 1:250 0-90 —0-10
U0, 0-5° 1:0:5 1-05 +0-05
NaF 50 mg 1-00 +0-00
Tartaric acid 50 mg 1-05 +0-05
Sodium phosphate 50 mg 1-00 +0-00

® Measured against the same concentration of the coloured
ion.

b Maximum ratio of V3+:Me.

¢ In the presence of 10 mg of sodium potassium tartarate.

4 Previously boiled with DCTA.

the reaction occurs in aqueous solution. Compared to the use of XO, PAR has the shortcoming
that titanium, zirconium and uranium interfere to a higher degree with the determination of vanadium.
On the other hand, PAR is better than XO in the presence of molybdenum and tungsten.

Bulgarian Academy of Sciences O. BUDEVSKY
Institute of general and Inorganic Chemistry L. JoHNnOvA
Sofia 13, Bulgaria

Summary—4-(2-Pyridylazo):resorcinol has been found to undergo a
very sensitive colour reaction with vanadium(V). In the presence of
1,2-diaminocyclohexanetetra-acetic acid the reaction is highly selective.

Résumé—On a trouvé que le 4-(2-pyridylazo)-résorcinol donne, avec le
vanadium(V), une réaction colorée trés sensible. En présence d’acide
1,2-diaminocyclohexanetétracétique, la réaction est hautement sélective.

Zusammenfassung—4-(2-Pyridylazo)-resorcin gibt eine sehr empfindli-
che Farbreaktion mit Vanadium(V). In Gegenwart von 1,2-Diamino-
cyclohexantetraessigsdure ist die Reaktion hochselektiv.
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Determination of sulphur monochloride by oxidation with chloramine-T
(Received 5 November 1964. Accepted 21 December 1964)

INVESTIGATIONS carried out by the present authors showed that a solution of sulphur monochioride
in dioxan could be oxidised by an excess of acidified chloramine-T solution. The sulphur present
in sulphur chloride is quantitatively converted to sulphuric acid. A rapid and an elegant method for
the determination of sulphur chloride has been evolved and it is described in this communication.

Reagents

Chloramine-T. About 15 g of a recrystallised sample of pure chloramine-T were dissolved in
1 litre of water and stocked in an amber coloured bottle. The solution was standardised iodometri-
cally in an acidic medium as described earlier.’-*

Sulphur chloride. A sample of sulphur monochloride was treated with 10%; of 